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An electric arc melter used for waste treatment processing is numerically studied. 
The effects o f  different plasma working gases are studied by using a laboratory 
scale test reactor. A two-dimensional finite difference approximation is used to 
solve the set o f  governing equations. The Navier-Stokes equations coupled with the 
combined Maxwell's equation for the electromagnetic fields is used to obtain the 
temperature and flow fields in the arc melter. It is found that the energy efficiency 
of  the air plasma is lower than that o f  an argon plasma. However, the melted soil 
volumes are larger using the air plasma than those using the argon plasma. The 
overall energy efficiency increases as the gap between the cathode and the soil 
surface decreases. More uniform gas temperatures are found for the air plasma 
than that for the argon plasma. Result obtained from the laboratory-scale arc melter 
is used as an input o f  the energy absorbed into the soil for the USBM arc melter 
simulation. Results show a maximum temperature o f  2195 K at the center o f  the 
heat generation and a molten soil exit temperature o f  1600 K. 
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1. INTRODUCTION 

An arc melter is being used for vitrification of thermally oxidized, 
buried, transuranic (TRU) contaminated wastes by Idaho National Engin- 
eering Laboratory (INEL) in conjunction with the U.S. Bureau of Mines 
(USBM) as a part of the Buried Waste Integrated Demonstration (BWID) 
project, t° Even though plasma arc technology has been successfully used 
for many material processing purposes, there is a lack of information for 
the application of arc melter technology to the thermal treatment of mixed 
TRU contaminated wastes and soils. Understanding of those processes 
requires detailed information on the plasma arc, the molten pool, and geo- 
metric configurations. Because of the complex nature of the plasma, experi- 
mental work is limited to measuring temperature and the global heat transfer 
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rate rather than obtaining localized information which may be important 
for determining the optimum operating conditions in the plasma reactor. 
Instead, numerical modeling of the process has been successfully used for 
obtaining detailed information. 

One of the interesting features of the USBM arc melter is that air is 
used as a working gas for the plasma. Different working gases have different 
heating characteristics on the waste as well as on arc melter operating condi- 
tions. Usually inert gases, such as argon, helium, etc., are used for the 
working gas in the dc plasma arc because they yield stable operating environ- 
ments. Compared to those inert gases, air is difficult to break into a plasma 
because more heat is required to sustain the plasma state. It is one of the 
primary purposes of this study to find out the differences between the air 
and inert gas (in this study, argon was selected since it is one of the most 
widely used working gases for the dc arc). Heating efficiency and the melt 
pool shape are compared with different working gases. A laboratory-scale 
arc melter is modeled to study the various effects of the different working 
gases. 

The plasma arc has been investigated by various researchers/2-5) 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, t2) Good agreement between 
spectrometric measurements and the numerical predictions was found. Tsai 
and Kou t3) studied the cathode-geometry effect on the flow and temperature 
fields of the welding arcs. They found that the calculated flow and tempera- 
ture fields were sensitive to the current density distribution along the cathode 
tip. Pfender t4) discussed the various heat transfer modes in the plasma arc. 
Recent work of Gonzalez e t  al. c5) focused on studying the metal vapor effects 
on the heat transfer mechanism during metal scraping using a transferred 
arc. For the moderate curr.ent intensities, 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 ~6~. 
For this application, the plasma interaction with the processing material 
was the most important factor in optimizing the design of a processing 
reactor. 

Most of the previous numerical studies on this subject were confined 
to either the arc plasma region only or the molten material domain only. 
There is a lack of studies on the combined effects of plasma, molten waste, 
and the geometric configuration of the confinement. Recently, Paik and 
Ngnyen tT~ studied the combined effect of the plasma and the molten waste. 
Their work focused on the effects of various arc melter operating conditions 
with a laboratory-scale arc melter using argon as a working gas. In this 
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study, the combined efforts of simulating the system of the USBM arc melter 
are undertaken by modeling the full-scale arc melter with the laboratory- 
scale arc melter model used in Ref. 7. By using the information on the 
heating efficiency, the full-seale USBM arc melter is modeled with a simpli- 
fied mathematical model. For the full-scale USBM arc melter simulation, 
surface-to-surface, gray-body radiation heat transfer is considered along 
with conduction and advection heat transfer mode. The value of this numeri- 
cal study will be to aid in understanding the plasma arc-Joule heating process 
and help design melter geometry and electrode configuration. Further, calcu- 
lation of the chemical reactions during vitrification of waste based on the 
flow and temperature fields obtained in this study will help to track chemical 
composition of off-gas products and finally help compare the designs of 
different plasma-arc facilities. 

In the following, the mathematical model of the laboratory scale arc 
melter is described in Section 2. The laboratory-scale arc melter model is 
used for the calculation of energy efficiency (i.e., the percentage of the energy 
absorbed by the soil to the total energy), and the energy efficiency is used 
as an input for the USBM melter model described in Section 3. Numerical 
methods used in this study are described in Section 4 and results are discussed 
in Section 5. Finally, conclusions based on the obtained results are outlined 
in Section 6. 

2. MATHEMATICAL MODEL OF LABORATORY-SCALE 
ARC MELTER 

This section describes the laboratory-scale arc melter used in this study. 
Detailed plasma gas modeling and liquid/solid soil interactions are 
described. 

2.1. Geometric Configuration 

The geometry for the laboratory-scale arc melter is shown in Fig. 1. 
The calculation domain is divided into the plasma gas and the soil (either 
liquid or solid) regions. The dimensions of the soil volume are fixed while 
the plasma arc length (gap: the distance between the cathode tip and the 
soil surface) is varied for the calculations. The dimensions of the reactor 
used in this study resemble the experimental apparatus of Kong et al. ¢s) 

which has been used to study thermal waste treatment. 

2.2. Assumptions 

A steady, axisymmetric, and laminar plasma flow is assumed. Local 
thermodynamic equilibrium (LTE) is assumed in order to simplify mathe- 
matical formulations. As a consequence, the plasma is treated as a single 
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Fig. 1. Geometry of the laboratory-scale plasma arc melter considered in this study. 

continuous fluid with only one representative temperature for the flow. The 
plasma is assumed to be optically thin, which implies that reabsorption of  
radiation compared with the total radiation energy loss over all wavelengths 
is insignificant. 

2.3. Governing Equations 

Based on the above assumptions, the governing equations, without con- 
sidering erosion effects of  the electrodes, may be written in terms of cylindri- 
cal coordinates (r, x, 0) as follows: 

Conservation of  mass 

a (pu)+l a 
a~ r ar (pry) = 0 (1) 

where x and r are the axial and radial coordinates, p is the density, and u, 
v are the axial and radial velocity components. 

Conservation of  momentum 

(2) 

PU-~x+ PVar-  ar r ~x 3 (3) 
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where p, j , ,  jx, and Bo are the pressure, the radial and axial current densities, 
and the azimuthal self-induced magnetic field component, respectively, and 
the r,x, rxx, rrr, too are the components of the stress tensor which are 

2 Ov 
r~ = - p -~r' 

[°°+°.l, 
r , . , = -u  Or axj 

defined as 

Ou t) 
r.,.x = - 2p ~xx' too = - 2p -r 

(4) 

Conservation of charge 

oj.,+l o 
gx r O--; (rj~)=O (5) 

Equation (5) can be recast into a Laplace equation by using an electric 
potential 4) which is defined as j = -o'V~b, where cr is the electrical conductiv- 
ity. The electric potential definition is used in this study. 

Conservation of energy 

Oh Oh c3 [ k cOh I+1 c3 [ k Oh~ /~ +j~ 
- -  - - r - -  - -  S R  " Pu-~x+PV~r=~xL~ ~x] cOrlC, Or) -4 r f f  

5kB(~  Oh " &) 
J r - -  - -  _ _ + J r  

2 e Ox C,-&r 
(6) 

where h, k, Cp, Sn, ks, and e are the specific enthalpy, the thermal conductiv- 
ity, the specific heat at constant pressure, the optically thin radiation loss, 
the Boltzmann constant, and the elementary charge, respectively. The energy 
exchanges due to spatial variation of the pressure are neglected. 

Since rotational symmetry was postulated, only Bo is required for the 
momentum equations, which can be obtained by the expression 

;o r Bo =Po jx~ d~ (7) 
r 

where P0 is the magnetic permeability of vacuum. 

2.4. Boundary Conditions 

At the wall, a constant temperature (at 1000 K based on Ref. 11) bound- 
ary condition and no slip boundary condition for the velocity fields are used 
in this study. High electrical conductivity with a floating current condition 
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for the electric field are imposed at the bottom anodic wall surface. For the 
centerline ( r=0) ,  the symmetry boundary condition with zero normal 
velocity component is specified. Since no interface deformation between the 
molten pool and plasma phase is considered in this study, the normal velocity 
at the interface is set to zero with shear stress continuity across the interface. 
It should be mentioned that the usual boundary condition for the tangential 
velocity at the interface in a welding problem considers the surface tension 
driving force (Marangoni force) only. However, the surface tension is a 
complicated function of material composition, and information about the 
thermal behavior of the surface tension for the present problem is not avail- 
able. Moreover, for the free-burning arc problem, the Lorentz force-induced 
convective flow is much stronger and tends to overcome the surface-tension- 
induced force, t9) 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-mentioned boundary condi- 
tions can be translated into mathematical expressions as follows: 

At the wall: 

up = vp =um = v,, = 0 (8a) 

T = I000 K (8b) 

a~r~ =R=O, a2~ ax 2 x=o = 0 (8c) 

At the interface (x = 3.55 cm) : 

Idp ~ Um ~ 0 

Fa~p a.,l [aOm+aU.] 
(9a) 

(9b) 

- r P S TP - l r " O~ Tm (9c) 

~x ~ a~m -- ~p  : - - ~ m ' x  
(9d) 

At the centerline: 

au~ _ au~= ar~_  a ~  _ a~ 
--Vp=Vm=O 

Or Or ar ar ar 
(lO) 
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At the top of  the reactor (open boundary): 

dup=Oum-dTp-dT"=o,=o,,=O, ~b= Vdrop (11) 
dX 0X dX dX 

where Vdrop is the voltage specified by the input power. At the cathode tip, 
the current boundary condition is imposed, which represents cathode 
emission o f  electrons. The current is specified at 1 mm below the cathode 
with an exponential function as 

jx =Jxm., exp(-r/ro) (12) 

where j x ~  is the maximum current at the cathode tip and r0 is the cathode 
spot radius. Both j . , ~  and r0 vary with the operating condition and the 
cathode shape and can be determined from experimental observation. (* '~ 

3. M A T H E M A T I C A L  M O D E L  OF U S B M  ARC MELTER 

3.1. Geometric Configuration 

The USBM plasma arc melter system is composed of  a continuous feed 
system, the three-phase electric arc melting furnace, an off-gas control sys- 
tem, and utilities. (') The arc furnace is cylindrical in shape, approximately 
2 m high and 1.3 m wide. Figure 2 shows the melter configuration and the 
created model configuration. Unmelted soil is introduced into the melter 
0.5 m above the melt surface and feeds into the melted pool. The melted 

(.) USBM Melter Cb) Thermal Mod~l 
Char[:e Port 

lag Tapb°lc ~ i  
. . . .  ~ ho e ~ . ~ m m m m [ , ~  

I : ' : ' : ' : ' " ' " " " : ' " "  - -  . . . . . . .  

Alumlrla Sup©r -duly ~ SIc¢1 [ ]  .Mulllle Fiber ~ ,  
Firebrick 

Silicon Carbide " ~  
Ramming Mix • Alumina Firebrick '-'~= 

MaRnesit¢ R~imming ~,lix ~ Alumln3 I'la.'~tlc . ~  Refractory 
Fig. 2. (a) Geometry of the USBM arc melter. (b) Simplified USBM arc melter geometry for 

thermal modal considered in this study. 
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soil then travels out the bottom of  the melter. The furnace can process as 
high as 680 kg/h  of  contaminated soil with a power input rate of  up to 
800 kW. t~ The main focus of  this study is on the electric arc melting furnace, 
where the thermal treatment of  the contaminated soil takes place. The inter- 
action of  the plasma and the molten pool is studied by considering the flow 
and heat addition due to joule heating. 

3.2. Assumptions 

A steady, axisymmetric, and laminar flow is assumed. Heat is trans- 
ferred by diffusion, advection, and gray-body radiation. Radiation is consid- 
ered only from surface to surface through the air. The model is taken as 
two-dimensional axisymmetric. Momentum equations are solved only in the 
molten soil. Electric field calculations are not included; rather, the heat input 
into the melted soil is by a constant source term. 

3.3. Governing Equations 

Based on the above assumptions, the governing equations may be 
written in terms of  cylindrical coordinates (r, x, 0). The conservation of  
mass is the same as Eq. (1), while the conservation of  momentum equations 
are the same as Eqs. (2)-(4) without the electromagnetic field forces. 

Conservation of  energy 

pCp U-~x ~r/=~x\  dx/ r ~r k(T)r +a(x,r) (13) 

where T is temperature and Q(x, r) is the volumetric heat source varying 
with position. 

3.4. Boundary Conditions 

The outside surface of  the furnace has a convective heat transfer 
coefficient of 100 W/m-K with a convective temperature of 300 K. Where 
the unmelted soil is introduced into the melter, a temperature boundary 
condition of  300 K is applied. Velocity boundary conditions are no slip 
condition between the molten soil and the solid bricks that the soil comes 
in contact with. The radial velocity along the centerline is also specified as 
zero. 

4. NUMERICAL M E T H O D  

The governing equations in Section 2 are solved by using the SIMPLEC 
algorithm. "2~ The energy and the electron conservation equations are solved 
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by using the same procedure described by Patankar. t~3~ In order to treat the 
solid/liquid boundary in the molten pool, the momentum equations need 
special treatment. The velocity inside the control volume which contains the 
two-phase interface are set to zero. This approach has been used by Basu 
and Date, t~4) and briefly described in the following. Instead of the latent 
heat content of a control volume used by Basu and Date, t 14) the soil mixture 
temperature defined as the following is used to identify the liquid control 
volume: 

hm 
T= - -  for T< Tmel~ 

Cp,, + To (14) 

T =  ( h,, - L,,,) -t- To for T> Tmelt 
cpm 

The velocity of any control volume with T< Tm~lt is set to zero. After the 
liquid control volumes are identified, the pressure correction boundary con- 
dition is applied. Following the notation used in Ref. 13, the pressure correc- 
tion boundary conditions at the solid/liquid interface can be written as 
follows: 

If Te> Trnelt and Te< Tmelt ; d ~ = 0  
If Tp> Tin,It and T w <  Tin,It ; dew=0 
If Tp>__ T,~el~ and TN< Tm~k; d ~ = 0  (15) 
If  Tp > Tin,It and Ts  < Tmelt ; d~  = 0 

Details of the code validation tests are given in Ref. 7. 
For the simulation of the full-scale USBM arc melter, a commercially 

available finite-element code FIDAP ~5) is used. 

5. RESULTS AND DISCUSSIONS 

Before we discuss the calculated results, the air plasma properties are 
compared with those of argon. Figure 3 shows the temperature dependence 
of thermodynamic and transport properties of air and argon. Heat capacity 
at constant pressure, density, thermal conductivity, electrical conductivity, 
molecular viscosity, and radiation heat loss are shown. These properties are 
taken from Ref. 16. Since the air is treated as a mixture of diatomic gases, the 
thermodynamic and transport properties show two peaks on the temperature 
ranges considered in this study. The first peak, around 7000 K in heat capac- 
ity and thermal conductivity, is due to the dissociation of the nitrogen gas, 
and the second peak is due to the ionization of the nitrogen. One of the 
unique differences between air and argon is that the air properties show two 
peaks while the argon has only one peak in the temperature ranges we 
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Fig. 3. Plasma thermodynamic and transport properties used in this study: (a) heat capacity; 
(b) density; (c) thermal conductivity; (d) electrical conductivity; (e) viscosity; (f) radiation 
loss. 

considered. This is because the argon is a monatomic gas. The peak occurring 
in argon properties is due to the ionization of  the argon at that temperature. 
It should be noted here that air has substantially higher heat capacity, ther- 
mal conductivity, and radiation energy loss than the argon at the same 
temperature. The density and the viscosity of  the soil are taken from Buelt 
e t  al .  (]7> The other thermophysical properties of  the soil used for this study 
are from Henderson and Taylor. (Is) In the solid domain, the viscosity is set 
to 1016 kg/m-s in order to ensure that no flow is allowed. 

Two different cases are simulated with different gaps between the 
cathode and the molten surface. Figure 4 shows the comparisons of  the 
temperature fields of  the argon and air plasmas over the molten soil field. 
In the case of air plasma, the plasma volume is smaller than that of  argon 
plasma at the same input power (5 kW input power is used for both argon 
and air cases). There are three factors for this small plasma volume for air. 
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Fig. 4. Isotherms inside the plasma arc melter (from 1473 to 18473 K with 2000 K increment) 
for a current density of 200 A and 5 kW input power. Results on the left-hand side are the 
argon plasma case and those on the right-hand side are the air plasma case (a) for the I cm 
arc length case (gap = 1 cm), and (b) for the 1.5 cm arc length case (gap = 1.5 cm). 

One is significant radiation energy loss of air plasma at the high temperatures 
(see Fig. 3f). This is one reason that the air plasma has low energy efficiencies 
as described below (see Table I). The second factor is that the heat capacity 
of the air is an order higher than that of argon (see Fig. 3a) so that more 
energy is absorbed by the air at the same temperature. The third is that the 
thermal conductivity of the air plasma is higher than that of argon (see Fig. 
3c). Owing to the high thermal conductivity of the air, heat conduction plays 
an important part on heating the soil surface. 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 
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Table I. Percentage of the Power Absorbed by the Melt Pool to the Total Power for Different 
Operating Conditions 

Gap = 1 cm Gap = 1.5 cm 

Total power Argon Air Argon Air 
(kW) •=200 A •=200 A •=200 A •=200 A 

5 38.3 (28.50)" 36.2 (30.13) 40.2 (31.03) 38.8 (32.75) 
7.5 27.5 (28.82) 27.2 (31.45) 26.0 (27.69) 37.1 (33.96) 

"The number in parentheses is the percent ratio of the melt volume to the total soil volume. 

bot tom.  In Fig. 4, the maximum temperature near the bo t tom of  the reactor  
increases as the arc length becomes shorter.  Soil heating efficiency is calcula- 
ted for different arc operat ing condit ions and listed in Table I. The efficiency 
is defined as the ratio between the power absorbed by the melt pool  to the 
total power o f  the reactor. The melted soil volume percentage to the total 
soil volume is also listed in Table I. It was found that increasing the voltage 
for the same current does not  affect the melt volume significantly (7) and thus 
no at tempts were made to reveal the effects o f  different voltages o f  the 
plasma. By compar ing  the energy absorbed in the soil, the argon plasma 
cases show better energy efficiency than that  o f  air at the same operat ing 
conditions.  However,  the fraction o f  the melted volume to the total soil 
volume shows that  the air plasma case has more  molten soil than that  o f  
argon. This can be explained by the fact that  in the case o f  the argon plasma 
the joule heating is concentrated near the center o f  the molten pool which 
locally heats the soil near the center o f  the reactor. In the case o f  the air 
plasma, the current arriving at the molten surface is more  radially spread, 
which results in more  uniform heating o f  the soil. In order  to show this 
effect, interfacial temperatures and currents are shown in Fig. 5. For  the air 
plasma case, the interface shows higher temperatures than that o f  argon 
toward the wall. The difference between the temperatures becomes significant 

(a) 4000" 
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Argon, Gap = 1.5 cm -~ 

~ - 1 ¢ ÷ 5  

- 2 e + 5  . , . , , . , . 

0.01 0.02 0.03 0104 0.05 0 0.01 0.02 0.03 0.04 0.05 
Radial D~t~nce (rn) Radi=l Distance (m) 

Fig. 5. (a) Plasma-soil interfacial temperature profile. (b) Plasma-soil interfacial normal 
current profile. 
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Fig. 6. Velocity vector inside the plasma arc melter for a current density of  1 cm gap, 200 A, 
and 5 kW input power. The loops inside the melt represent streaklines. Results on the left- 
hand side are for the argon plasma case and those on the right-hand side are for the air plasma 
case• 

as the arc length increases. For  the short arc, the temperature at the interface 
is higher than for the long arc, as one can expect. The maximum currents 
at the interface for the short arc are higher than those of the long arc. For 
the longer arc, slightly higher currents than those of  the short arc can be 
found far from the arc core since the electrical conductivity of the plasma 
and the melt pool is relatively evenly distributed over the interface. 

Figure 6 shows that the induced flow fields in the molten soil region 
have strong clockwise convection occurring on the right-hand side of the 
reactor. This convection is a result of the combined effects of the shear and 
buoyancy induced force. (7) For  the air plasma case, the center of the circula- 
tion is far from the centerline compared to the argon plasma case. As shown 
in Figs. 4 and 5, the steep temperature gradient occurs near the center of 
the reactor for the argon plasma. Thus, the magnitude of  the buoyancy force 
is higher near the center for the argon plasma case while the recirculation 
occurs far from the centerline in the air plasma case. Because of the large 
density difference caused by the temperature gradient inside the molten soil, 
the induced natural convection force contributes to the clockwise convection 
in the melt pool. c7} 

Results from the plasma arc simulations in this paper show that 
approximately 38% of  the heat goes into the soil for the l-cm gap case, 
while the rest is radiated to the outer vessel walls and convected out through 
the off-gas system. Therefore, this simulation is with 38% of  the total power 
input. The results of the USBM melter are shown in Fig. 7 and 8. Figure 7 
is the finite-element mesh created for the model. Figure 8 shows the tempera- 
ture contours for 38% of  the power entering the soil. The power is directed 
into a small region directly below the electrodes. The heat generation rate 
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USBM Axi-sym Finite Element Mesh 

IIIIIIIIIIIIIIIH HIIIIIII HI HII 
IIIIIIIilHIIIII]HHHHI]HHII 
llllillllllllllllIllllIIIllllHll 
IIIlll[lllliilliflilllHllllIIHl 
IIIWIIIIIIIIIilIH;IIIIIIHIIII 
IIIIIIIHHHIIIIIIIIIIIIIIHIIII 
IIIIIIIIIIIHHI llllllJll 

lllllllllllllllllHJllllllIlillll 
fllHIIHII]I]HHIIIHHHI][]]] 
lllllllll;lllllHlllllIlllilillll 

lilliilllllllllIII;ilillll 

]llilIil]]ll]]IIH[H]]llH]l]]]l 

i i i i i 1 1 1 1 1 1  [ i f l t [ l  ~ R  . . . . . . . . . . .  I I ] 1  . . . . . . .  

SCREEN LIMITS 
ZMIN 0.I 66E.¢.01 
Z M A X  -.415E-O2 
RMIN - , 563E+00  
R M A X  0.13 IE+OI 

F I D A P  7 . 0 4  
0 4 ~ / 9 4  
15:40:30 

Fig. 7. Finite-element mesh of USBM melter facility used in this study. 
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Fig. 8. Temperature contours Of radiation/conduction model for USBM melter facility. 

in the soil is 38 M W / m  3. The maximum temperature in the soil is 2195 K 
and occurs at the center of the region where heat is generated. The exit 
temperature of  the molten soil is 1600 K. These temperatures agree well with 
experimental results. (19) 
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6. C O N C L U S I O N S  

The fol lowing conclus ions  are  m a d e  in this s tudy :  

1. A t  the same input  power ,  the vo lume o f  a i r  p l a sma  is significantly 
less than  that  o f  a rgon  p l a s m a  because  o f  the high heat  capaci ty ,  
r ad ia t ion  loss, and  thermal  conduc t iv i ty  o f  the air. 

2. The  m a x i m u m  t empera tu re  inside the mel t  poo l  is higher  in an a rgon  
p l a sma  arc  mel ter  than  tha t  in an air  p l a sma  owing  to the concent ra -  
ted currents  a r r iv ing  at  the mel t  poo l  surface. 

3. To ta l  mel ted  vo lume o f  the air  p l a sma  arc  mel ter  is larger  than  that  
o f  the a rgon  p l a sma  since the heat  is d iss ipa ted  more  uni formly  
inside the mel t  poo l  for  the air  p lasma.  

4. Hea t  t ransfer  ca lcula t ions  have been pe r fo rmed  for  the U S B M  mel ter  
facility. Inc luded  in the ca lcula t ion  is surface- to-surface,  g r a y - b o d y  
rad ia t ion ,  conduc t ion ,  and  advec t ion  within the mol ten  soil. Resul ts  
show a m a x i m u m  t empera tu re  o f  2195 K at  the center  o f  the heat  
genera t ion ,  and  a mol ten  soil exit t empera tu re  o f  1600 K. 
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