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Abstract: A two-dimensional mathematical model was developed to describe the heat transfer,and fluid flow in an AC 
arc zone of a ferrosilicon submerged arc furnace. In this model, the timedependent conservation equations of mass, 
momentum, and energy in the specified domain of plasma zone were numerically solved by coupling with the Maxwell 
and Laplace equations for magnetic filed and electric potential, respectively. A control volume-based finite difference 
method was used to solve the governing equations in cylindrical coordinates. The reliability of the developed model 
was checked by experimental data from the previous available literature. The results of present model were in good agree- 
ment with the given data comparing with other models, because of solving the Maxwell and Laplace equations simul- 
taneously in order to calculate current density. In addition, parametric studies were carried out to evaluate the effects 
of electrical current and arc length on flow field and temperature distribution within the arc. According to the compu- 
ted results, a lower power input led to a higher arc efficiency. 
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In the ferrosilicon submerged arc furnace, heat 
is supplied to the molten bath by electric arc through 
graphite electrodes. In this regard, fundamental un- 
derstanding of the heat transfer, fluid flow, and electro- 
magnetic phenomena is necessary to improve the con- 
trol of these metallurgical reactors"'. To  achieve 
this goal, use of computational fluid dynamic (CFD) 
models has been increasingly popular. In 1981, 
Ushio and Szekely firstly and then McKelliget and 
Szekely performed numerical simulation of a DC electric 
arc furnace by using the turbulent Navier-Stokes , 
energy conservation and Maxwell equations in the 
arc and bath regions of the system. In their calcula- 
tion, a parabolic current density distribution was as- 
sumed through the arc region to simplify the mag- 
netic problem. In 1985, McKelliget and Szekely 
used the magnetic diffusion equation to predict heat 
transfer and fluid flow in a welding arc. With more 
powerful computers, it became possible to solve 
more complex problems. In 1992, Choo, Szekely 
and Westhof, and in 1995, Qian, Farouk and Ma- 
tharasan, solved Laplace's equation for the electric 
potential to determine boundary conditions for a 

model of the weld pool. In 1996, Larsen and Bakken 
used the magnetic transport equation to predict the 
current and magnetic field in an AC arcCz1. 

As mentioned above, several individual models 
of DC electric arcs in welding or furnace were devel- 
oped. However, in the AC electric arc furnace, 
which has a great share in metallurgical industry, 
very limited researches have been donec3]. 

Therefore, the present work was undertaken to 
develop a model of AC arc to predict temperature 
distribution, flow pattern, and c'urrent density on 
the melt surface. This information was further used 
to define boundary condition and represent heating 
and mixing effects on the metal bath. For testing 
the reliability of the model, predicted velocities and 
temperatures were compared with experimental data 
from Bowman's investigation. These results showed 
good consistency and confirmed that the model pre- 
diction is reliableC4-51. 

1 Mathmatical Model 

The schematic drawing of the studied domain is 
given in Fig. 1. As shown, the domain is restricted 
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Fig. 1 Calculation domain for AC arc model 

between graphite electrode and molten bath from top 
and bottom and central electrode axis and furnace 
wall from left and right. 

In present model, the arc was considered as a 
fluid with temperature dependent propertiesC6-101. 
Likewise , the following assumptions were made to 
governing the equations : 

1 )  The arc is axis symmetric["I. 
2 )  The operation of the arc is time dependent, 

i. e. unsteady state["'. 
3) The arc is local thermal equilibrium (LTE) , 

i. e. the electron and heavy particle temperature are 
similarCll-'21 

4) The radiation flux is calculated in optically 
thin c o n d i t i ~ n ~ ' ~ - ' ~ ~ .  

5) The surface of the furnace wall, electrode 
bottom, and molten is flatCz."'. 

1.1  
The governing time-dependent transport equa- 

tions for AC arc have been expressed in two-dimen- 
sional cylindrical coordinates. 

Transport equations for AC arc 

1) Mass conservation 

( 1 )  

where, p is the density; t is the time; r is the radial 
distance; and z is the axial distance; v and u are the 
velocity components in the radial and axial direc- 
tions, respectiveIyC61. 

2 )  Conservation of axial momentum 

where, p is the viscosity; p is the'static pressure; j ,  
is the current density in radial direction; and BB is 
the magnetic flux density in the azimuthal direction. 

The  product j ,B, is the axial component of the 
Lorentz force produced by current and induced mag- 
netic flux density in the solution domainc6]. 

3)  Conservation of radial momentum 

where, j ,  is the current density in axial direction; 
and the product j,BB is the radial component of the 
Lorentz forceC61. 

4) Conservation of thermal energy 

(4) 
where, h is the enthalpy; cp is the specific heat at  
constant pressure; k is the thermal conductivity; u is 
the electrical conductivity; S,  is the radiation loss 
term; kg is the Boltzmann constant; and e is the elec- 
tron chargec6]. 

5) Magnetic transport equation 

(5) 

where , r,,, is the magnetic diffusivity , which governs 
the diffusion of AC magnetic field through the arc 
plasma, and r,,, = (upo >-' ; and puo is the vacuum per- 
meabilityC6"11. 

6 )  Electric potential equation 

I I 
where, v) is the electrical potential. 

1.2 
T o  solve the transport equations in the calcula- 

tion domain , boundary conditions should be speci- 
fied. A complete listing of boundary conditions for 
the AC arc is presented in Table 1. 

Symmetry conditions are used along the axis 
AB. No slip condition is applied for all walls. The 
temperature on the crater wall, molten surface, and 
electrode (excluding cathode spot) is fixed to 2000 
K. The  following parabolic current density distribu- 
tion is assumed on the cathode spotCz1. 

Boundary conditions for AC arc 

2 

j . = z j . [ l - [ & j  ] (7) 

where 
j ,  = I /  (& ) (8) 
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Table 1 Boundarv conditions for AC arc 

A B  BC CD DL LF FG G A  

v v=o v =  0 v=o v=o v=o v =  0 v= 0 

u=o u=o 

T= 2 000 K 

-_ a u-o u -- a u 1 o  u=o u=o u=o a r  a x  

ar- T=4000 K a h - O  T = 2 0 0 0 K  T=2000 K T = 2 0 0 0 K  z- a Lo 

Anodic period Anodic period Cathodic period Cathodic period Cathodic period 

-&r 
O -  2 

~- a BOLO ~- aBe-O BO = L d  B e E d  a x  a x  B @ , d  2xr Zrr BB BOZO 
Cathodic period Cathodic period 2nr Anodic period Anodic period Anodic period 

Anodic period Anodic period Cathodic period Cathodic period Cathodic period 

p= 0 p= 0 A ! ? = O  A!?=& 

A!?=& A!?= 0 
a x  a a x  p= 0 p= 0 p= 0 

p A!?=O Cathodic period Cathodic period %=O a x  a x  a x  a 
Anodic period Anodic period Anodic period 

a +  

I is the applied electrical current; and R, is the 
radius of cathodic spot. Since the cathode alternates 
between the graphite electrode and the melt surface 
subsequently, the boundary conditions of magnetic 
field and electrical potential are changed according to 
the change of the electrical current 

1.3  Solution method 
In previous researches, three different methods 

have been used to determine the Lorentz forces: the 
Laplace equation, the magnetic diffusion equation, 
and the complete magnetic transport equation. The 
first two methods have excluded the induced electric 
field term from the solution. This assumption could 
be applied in the case that the magnetic Reynolds 
number is much less than unity. Under this condi- 
tion, these methods are given good approximation of 
the Lorentz force, but this assumption is not accept- 
able in high current arcs. The third method has in- 
cluded this term; nevertheless, it is not applicable 
for the calculation of current density from the Ohm's 
lawC10.151 . In the present work, for the first time, 
the Laplace equation for electric potential and the 
complete magnetic transport (Maxwell) equation for 
magnetic field are solved in coupled with momentum 
and energy equations to overcome these problems. 
In present solution, Laplace and Maxwell equations 
predict imposed and induced electromagnetic field in 
terms of Ohm's law, which were adapted to deter- 
mine the Lorentz : 

where, E is an imposed electrical field that is calcu- 
lated from E= - v p; V is the velocity vector; and I3 

J=a (E+VXB)  (9) 

is the vector of magnetic flux density. After provi- 
ding all terms of Ohm's law, the electrical current 
density in radial and axial directions could be calcu- 
lated for all points of the d~main"~ ' .  To  solve the 
governing equations, a control volume based finite 
difference method was used in cylindrical coordi- 
nates. Numerical method used for solving equation is 
TDMA, and CIMPLEC algorithm is used for correcting 
the relationship between velocity and p r e s ~ u r e " ~ - ' ~ ~ .  

2 Results and Discussion 

Since the AC arc is time-dependent, in each pe- 
riod of AC electric current with change in polarity, 
the shape of temperature distribution and fluid flow 
are either changed, with respect to the boundary 
conditions. The temperature distribution and flow 
pattern in domain with arc length of 10 cm are 
shown in Fig. 2 and Fig. 3. The electrical current 
supplied in this case was 1=80000cos(2x/\t), where 
A is the frequency of the AC current["]. 

Melt (anode) 

Melt (cathode) 

Fig. 2 Distribution of Kelvin temperature for two kinds of time 
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Melt (cathode) 

Fig. 3 Flow pattern for two kinds of time 
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T o  predict the rate of heat transfer between the 
arc region and the molten bath, current density, tem- 
perature and velocity on the melt surface are required. 
Obtained results by model for different currents and arc 
lengths are presented in Fig. 4. In all cases, the cathode 
current density was 1. 5 X lo7 A/mzc63111. 

As expected, increasing the electrical current 
results in the increase in the velocity and tempera- 
ture on the melt surface. It can be seen from Fig. 4 
that arcs with shorter length show higher temperature 
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(a), (b) Arc length of 10 cm; ( c ) ,  (d) Current of 80 kA. 
Fig. 4 Distributions of temperature and radial velocity at melt surface for 0.04 s 

inside the arc column than outside. This subject can 
be described by radiation term. Although in present 
diagrams, the results of 60 kA is specified, the cur- 
rent density applied for this case seemed improper. 

As mentioned before, the main purpose of this 
research is to calculate heat transfer from arc to melt 
surface, which can be used as boundary conditions in 
molten bath simulations and also in furnace control. 
Calculation of heat flux in the electric arc is really 
complicated and included different terms like convec- 
tion, conduction, radiation, Thompson effect, and 
condensation of electronsC2”21. This model by count- 

ing all these terms, calculated the heat transfer effi- 
ciency of the arc through the molten bath. The effi- 
ciency of the arc is defined as heat transfered to the 
melt divided by the total consumed power. Fig. 5 
shows the efficiency of heat transfer from the arc to 
the molten bath in parametric studies. 

As shown in Fig. 5 ,  as long as the arc is stable, 
the efficiency of heat transfer is increased by reduc- 
ing electric current. Also, the effect of arc length 
has an optimum point in arc length of 10 cm. After 
10 cm of arc length, the radiation loss is more than 
the effective heat transfer to melt. 
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Fig. 5 Heat transfer efficiency from arc to molten bath for different electrical current (a) and arc length (b) 

3 Conclusions 

In this study, an AC arc zone in a ferrosilicon 
submerged furnace is modeled by coupling conserva- 
tion equations of mass, momentum, and energy 
with Maxwell and Laplace equations. Solving Max- 
well and Laplace equations simultaneously caused an 
accurate approach to calculating Lorantz force terms 
in conservation equations for high current AC arcs. 
Present model makes better prediction from the 
transport phenomena in AC arc zone and can provide 
more precise and real data for boundary condition of 
molten bath simulation in future studies. 

This model was used to carry out two paramet- 
ric studies for different electric currents (60, 80, 
l o o ,  and 120 kA) and different arc lengths ( 6 ,  8 ,  
10,  and 1 2  cm). The predicted results showed that 
by decreasing the arc currents, the efficiency of heat 
transfer from arc to molten bath is increased. In ad- 
dition, according to the results, the optimal arc 
length in furnace is 10 cm. That means optimization 
of electric current and arc length is necessary for 
better operation of submerged arc furnace. 

The results of the model also demonstrate that 
taking the j ,  of 1. 5 X lo7 A/m2 in cathodic spot is ac- 
ceptable for electrical currents greater than 80 kA, but 
in case with lower input electrical current, the higher 
electrical current density should be applied. 

The  authors wish to acknowledge the Iran Min- 
istry o f  Mines and Industries f o r  f inancial sup- 
port o f  this project. 
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