
APPROXIMATE MODELING AND CALCULATION 

OF ARCLESS ELECTRIC SMELTING PROCESSES 

G. S. Nus UDC 621.745.35 

The rules of approximate modeling of the operating p rocess  of o re - the rmic  slag e lec t r ic  fur -  
naces are worked out. A new method of engineering calculation of the main geometr ic  and e lec-  
t r ic  pa rame te r s  of the indicated furnaces is proposed. 

A general  and simplified model of the operating p rocess  of an o re - the rmic  slag e lec t r ic  furnace in an 
a rc l e s s  regime was proposed in [1, 2]. * 

The simplified model is reduced to a s teady-sta te  p rocess  of convective heat t ransfer  governed by the 
presence  of internal sources  of Joule heat and ponderomotive forces  in a viscous Newtonian fluid in an al-  
ternat ing sinusoidal e lectromagnet ic  field with appropriate boundary conditions. 

The resul t s  of further  simplification of the problem are given below, and the rules  of approximate 
modeling and methods of calculating the main pa ramete r s  of e lec t r ic  smelt ing furnaces are proposed. 

In industrial  furnaces the depth of penetration of the e lec t ro-magnet ic  wave into the slag melt is an 
order  of magnitude grea te r  than the linear dimensions of the region of spreading of the cur rent ,  and the re -  
fore the skin effect and consequently the nonpotentiality of the e lec t r ic  field can be neglected. The integro-  
differential equations and modeling rules  for this case were considered in [1, 2]. 

It is of Interest  to determine the effect of ponderomotive forces  on the circulation of the slag melt. 
An analytical evaluation of the role of ponderomotive forces  in the given case is difficult. There fore ,  a 
special  experiment  was set up in which the ponderomotive effect was singled out f rom the total factors  
promoting circulat ion of the melt. 

The idea behind the experiment  was that In an electrolyt ic  model of an e lec t r ic  slag furnace,  after  it 
is brought under a voltage,  the ponderomotive effect should appear pract ical ly  instantaneously,  whereas  
the convection of heat should occur with some delay owing to the thermal  inertia of the bath. 

It is obvious that in the initial stage of this experiment  the melt can be regarded  as an i so the rma lmed-  
ium in which heat re lease  and heat t r ans fe r  are absent. In this case the t e rms  express ing  the forces  of 
gravity and static p re s su re ,  the sum of which is equal to zero ,  drop out of the equations of motion. The 
equation of motion in this case should ref lect  the equil ibrium of the fr ict ional  (viscosity) forces ,  pondero-  
motive forces ,  e lectromagnet ic  p res su re ,  and inertia.  

The fundamental equations for this case in a steady regime are writ ten so: 

rot e '= O; dive = O; 

p (v, grad) v = - -  grad p + ~tV2V + ~12 ~ Im [e exp (]o)~)] 
Cc 

I ( l  Im [e exp (]coT). 1 ~ 
• dF; 

F 

(44) 

(45) 

*The present  art icle is a continuation of [1, 2] and the enumerat ion of the equations is given in accordance 

with [1, 2]. 
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div v = 0. (46) 

The  b o u n d a r y  c o n d i t i o n s  

on the b o u n d a r i e s  wi th  so l id  m e d i a  

on the  f r e e  s u r f a c e  of  the m e l t  

s  
l 
12"1 

(47) 

v = o; (48) 

p = 0. (49) 

An a n a l y s i s  of e q u a t i o n s  (44)-(49) l e a d s  to  a f lme t iona l  r e l a t i o n  of  the d e t e r m i n i n g  and d e t e r m i n a b l e  
d i m e n s i o n l e s s  n u m b e r s  in the  g e n e r a l  f o r m :  

Re = Re (FI)~  Re(X, Y, Z, LI,  LII . . . . .  Li-I '  /)); (50) 

K = K (l-I); Eu = Eu(FI), 

w h e r e  

x Y ~ g "  Z ~  z li,i~ ..... i - ,  
X ~ -  I~ ; li , ~ ; LI,II ..... i - i  ~ Ii " ; 

(J ~ hliCrOl/9- ; P-,e --= vli~P ; K ----- (~2e21~ . Eu ~---- p 
cr ~ ~ c~9v 2 pv ~ 

In a c c o r d a n c e  wi th  the d i m e n s i o n l e s s  r e l a t i o n  (50) we f a b r i c a t e d  a P l e x i g l a s  m o d e l  of 1 /10  n a t u r a l  
A s  the  m o d e l  f lu id  we u s e  a 25% aqueous  so lu t ion  of NaC1. The e l e c t r o d e s  of the m o d e l  w e r e  g r a p h i -  s i z e .  

t i z e d  wi th  a d i a m e t e r  of  100 ram.  The  e x p e r i m e n t  was  conduc t ed  at  U = 3 .4 .103 ,  which  e x c e e d s  the  va lue  
of th i s  c o m p l e x  fo r  i n d u s t r i a l  f u r n a c e s .  

A f t e r  a p p l y i n g  a v o l t a g e  to the c o l o r e d  e l e c t r o l y t i c  c e l l ,  which  was  p r e l i m i n a r i l y  he ld  fo r  a long t ime  
at  r o o m  t e m p e r a t u r e ,  c i r c u l a t i o n  of  the  e l e c t r o l y t e  u n d e r  the  e f fec t  of p o n d e r o m o t i v e  f o r c e s  was  not  o b -  
s e r v e d  at  a l l  fo r  1 -2  s e e .  Then  the e l e c t r o l y t e  b e g a n  to  move  i n t e n s e l y  a s  a c o n s e q u e n c e  of  c onve c t i on  of  
hea t .  

Hence  i t  fo l lows  that  the p o n d e r m o t i v e  f o r c e s  in a s l a g  m e l t  can  be  n e g l e c t e d .  

T h u s ,  a f t e r  s i m p l i f i c a t i o n s  the  i n v e s t i g a t e d  p r o c e s s  r e d u c e s  to a s t e a d y  r e g i m e  of f r e e  c o n v e c t i o n  of 
the  s l a g  m e l t  in the p r e s e n c e  of i n t e r n a l  d i s t r i b u t e d  s o u r c e s  of Jou le  hea t  g o v e r n e d  by the q u a s i - s t e a d y  and 
p o t e n t i a l  e l e c t r i c  f i e ld .  The  m o d e l i n g  r o l e s  f o r  t h i s  c a s e  a r e  p r e s e n t e d  in [3]. 

A f u r t h e r  s i m p l i f i c a t i o n  of  the p r o b l e m  i s  r e l a t e d  with  a d e t e r m i n a t i o n  of  the  r o l e  of m o l e c u l a r  hea t  
conduc t ion  in the p r o c e s s  of hea t  t r a n s f e r  in the s l a g  ba th .  

The  p h y s i c a l  p a r a m e t e r s  of the m o l t e n  s l a g  a r e  c h a r a c t e r i z e d  by  the fo l lowing  q u a n t i t i e s :  k ,  < 0.002 
k W / m . d e g ;  c ,  > 0.8 k W . s e c / k g . d e g ;  p .  > 2000 k g / m  3. The  e h a r a c t e r i s t i e  d i m e n s i o n  of the ba th  I i > 0.5 ram.  
F o r  a v e l o c i t y  of the s l a g  v > 0.0001 m / s e e  the P e e l e r  n u m b e r  i s  

Pe - -  ~* <2 .5 .10  -2. 
gc, p,vli 

C o n s e q u e n t l y  the m o l e c u l a r  hea t  conduc t i v i t y  m u s t  be  t aken  into accoun t  a t  a s l a g  v e l o c i t y  v < 0 . i  m m  
/ s e e .  A c c o r d i n g  to the m e a s u r e m e n t  da ta  [3], such  v a l u e s  of  the s l a g  v e l o c i t y  in the o p e r a t i n g  r e g i m e  
of  the f u r n a c e  a r e  p o s s i b l e  only in the l a m i n a r  s u b l a y e r  in the  i m m e d i a t e  v i c i n i t y  of  the b o u n d a r i e s  wi th  the 
s o l i d  m e d i a .  We wi l l  e s t i m a t e  the t h i c k n e s s  of the l a m i n a r  s u b l a y e r  and magn i tude  of  the t e m p e r a t u r e  
g r a d i e n t  in i t .  

The  u se fu l  hea t  f lows  f r o m  the s l a g  m e l t  to the s o l i d  c h a r g e  in p r a c t i c e  do not  ex t end  beyon~t the 
l i m i t s  q in  = 100-800 k W / m  2. When k ,  < 0.002 k W / m . d e g  the n o r m a l  t e m p e r a t u r e  g r a d i e n t  in the m e l t  a t  
the  i n t e r f a c e  wi th  the s o l i d  c h a r g e  should  be  a c c o r d i n g l y  

Ot qin >500- -4000  deg/cm, 
On ~, 
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In actuality, according to the resu l t s  of di rect  measurements  on furnaces and models [3] the t empera -  
ture gradient in the slag melt  a t  a distance of 1 cm from the interface with the solid charge is about 200 
t imes less.  Hence follows that the thickness of the laminar  sublayer through which heat is t r ans fe r red  only 
by molecular  heat conduction should be of the order  0.05 mm, and the temperature  gradient on this thick- 
ness  is accordingly 3-20 ~ which is less than the accuracy  of measur ing  the tempera tures  in the melt (1600- 
1800~ 

It is obvious that under these conditions we can neglect the thickness of the laminar  sublayer and 
tempera ture  gradient in it, i . e . ,  we can eliminate the laminar  sublayer  f rom the area of investigation. 

In compar ison with the useful heat flows, the flows of heat losses  to the ambient medium through the 
lining and e lect rodes  in industrial  furnaces are insignificant and can be neglected also. 

Thus for the indicated simplifications we can neglect  molecular  heat conductivity in the entire volume 
of the slag melt. 

As is known, two reg imes  of free convection are possible:  the v i scos i ty - -grav i ta t ionreg ime,  the so-  
called ncreeping" movement ,  in which we can neglect  the inert ial  forces  in compar ison with viscosi ty  forces ,  
and the iner t ia- -gravi ta t ion regime,  in which we can neglect the viscosi ty  forces  in comparison with the 
inert ial  forces .  

With considerat ion of the simplifications made, we will consider  these two limiting cases  on which is 
subsequently based the proposed method of calculating the main pa rame te r s  of e lec t r ic  smelting furnaces.  

I Case. A s teady-sta te  v i scos i ty - -grav i ta t ionreg ime of free convection in the presence of internal 
distributed Joule heat sources .  We neglect the inert ial  forces  and molecular  heat conductivity. The physi-  
ca l  pa r ame te r s  of the s l a g s ,  or, O, and c depend on the tempera ture .  

rot e = O; div (oe) = O; 

The fundamental equations: 

pg - -  grad p ff 2 div (~tT,)--2/3 grad (~t div v) =0; 

(51) 

(52) 

(53) 

(54) 

div (pv) = O; 

cr (Ira e) 2 - -  v, grad (cpgt )  = O. 
2 

The boundary conditions with respec t  to the e lec t r ic  field strength for the s teady-s ta te  regime are sub- 
stantiated in [1]: 

1 t' e dlm" h=V  ' 
l m  

On the interface m e l t . w a l l ,  solid mate r i a l  and e lec t rodes  

v a = O; 

on the free surface of the melt  

] ~ 0 .  

The boundary conditions with respec t  to the tempera ture  at the mel t - -charge  interface 

t = t ,  = const; 

(55) 

(56) 

(57) 

(58) 

Ot 
- -  ---- O. ( 5 9 )  
On 

on the interface mel t - -e lec t rodes ,  walls 

(60) 

An analysis of Eqs.  (51)-(59) leads to the functional dependence of the determining and determinable 
dimensionless numbers  in the general  form:  

0 = O(FI~)~-e(X, Y, Z, L~ L~, . . . .  L~_~, f/j); Kx = K~(I-I~); FrRe 

= FrRe (Fi1); Eu : Fr = Eu : Fr (FI1), 
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where  

X ~ - -  
x tj z 

; Y ~ -  ," Z ~ ; LI ,I~  . . . . .  ~ - i ~ - -  
l i  Ii tl 

p,g--l~ 72 I e,t ,  ) ; 0 ~ --t, ; K , ~  

FrRe-= pgl2 �9 E u : F r : ~  P 
v~ pgl 

l I ,  I I , . . .  , i - - I  . 

It 

e~l 

pgetv 

The mode l ing  ru le  cons i s t s i  in that  in the model  and s p e c i m e n  the de t e rmin ing  d i m e n s i o n l e s s  n u m b e r s  
L I ,  LII  . . . . .  Li_t ,  I~ 1 should be equal  accord ing ly ;  the d i m e n s i o n l e s s  dependences  of the phys ica l  p r o p e r -  
t i e s  of  the s l ag  >,  cr, p, and c on t e m p e r a t u r e  ( c h a r a c t e r i s t i c  funct ions)  should be acco rd ing ly  ident ica l ly  
the s ame .  

As ca lcu la t ions  and mode l ing  expe r i ence  shows,  the indicated ru le  is ea s i ly  fulf i l led with an a c c u r a c y  
suff ic ient  fo r  p r a c t i c e  in the case  of a cont inuous  c o v e r i n g  of the mel t  by a sol id  cha rge  and use of acidi f ied 
g l y c e r o l  (slag) and s t e a r i n  (solid charge)  as  the model  m a t e r i a l s .  

In this  c a s e  the l inea r  sca le  of the mode l  can  be se lec ted  su f f i c i en t lysmal l ,  1 /10 ,  and can be changed 
as  the e x p e r i m e n t e r  w i shes  within wide l imi t s ,  s ince  the condi t ion 01 : idem is e a s i l y  fulfi l led by an ap -  
p r o p r i a t e  change of the e l e c t r i c  s t r eng th  on the e l e c t r o d e s  of the model  u. 

II Case .  A s t e a d y - s t a t e i n e r t i a - - g r a v i t a t i o n r e g i m e o f f r e e  convec t ion  in the p r e s e n c e  of in t e rna l  
d i s t r i bu ted  Jou le  heat  s o u r c e s .  We neg lec t  v i s c o s i t y  f o r c e s  and m o l e c u l a r  heat  conduct iv i ty .  The phys ica l  
p a r a m e t e r s  of the s lag  (r, O, and c depend on the t e m p e r a t u r e .  

Fundamen ta l  equa t ions :  

rote = 0; div(~e) = 0; (61) 

p (v, grad) v q- gradp - -  pg = 0; (62) 

div (pv) = 0; (63) 

(Ira e) 2 - -  v, grad (cpg 0 = O. (64) 
2 

The bounda ry  condi t ions  a re  the same  as in va r i an t  I:  Eqs .  (55)-(59). 

An ana lys i s  of (61)-(64) a n d  (55)-(59) leads  to the r e l a t ion  of the de t e rmin ing  and de t e rminab le  d imen-  
s ion l e s s  n u m b e r s  in the ge ne ra l  f o r m :  

O = o ( r L ) ~ o ( x ,  Y, z ,  L~, L~I . . . . .  L~_~, ~)~), 
K, = K1 (132); Fr = Fr (FI2); Eu = Eu (H~), (65) 

whe re  

u ( c~, /I/2 gl p 
U2~--" (g~)a/4 p,c,t ,  / ", Fr ~ v~ ; Eu---- --.9v ~ 

The o ther  d i m e n s i o n l e s s  n u m b e r s  a re  the same  as in va r i an t  I. The mode l ing  ru le  c o n s i s t s  in that 
in the mode l  and s p e c i m e n  the d e t e r m i n i n g  d i m e n s i o n l e s s  n u m b e r s  LI ,  LII  . . . . .  Li-1,  ~Y2 should be equal  
acco rd ing ly ;  the d i m e n s i o n l e s s  dependences  of the phys ica l  p r o p e r t i e s  of the s l ag  on t e m p e r a t u r e  ( c h a r a c -  
t e r i s t i c  function) should be acco rd ing ly  ident ica l ly  the s ame .  

The indicated  ru le  is  fulfi l led with an a c c u r a c y  suff ic ient  fo r  p r a c t i c e  in the case  of a cont inuous  c o v e r -  
ing of the mel t  by a sol id cha rge  and use of sa l ted  wa te r  (slag) and s t e a r i n  (charge) as  the model  m a t e r i a l s .  
In this c a s e  the l inear  sca le  of the mode l ,  as  in va r i an t  I can be se lec ted  suff ic ient ly  sma l l ,  1 /10,  and can 
be v a r i e d  as  the i nves t iga to r  w i shes  by changing  the vo l t ages  on the e l e c t r o d e s  ~. 

The c o m p l e x e s  U~ and IY2 r e p r e s e n t  d i m e n s i o n l e s s  vo l t ages  on the e l e c t r o d e s  of  the furnace  (model). 
To  use these  c o m p l e x e s  in e ng i ne e r i ng  ca l cu l a t i ons  it is  expedient  to find the e x p r e s s i o n s  for  the d i m e n s i o n -  
l e s s  r e s i s t a n c e  and power  of the fu rnace .  

In a potent ia l  and q u a s i - s t e a d y  e l e c t r i c  f ield the r e s i s t a n c e  of a m e d i u m  of any conf igura t ion  as the 
r a t i o  of  the vol tage  to the c u r r e n t  can be e x p r e s s e d  in the fol lowing way:  
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An analysis of (66) leads to a functional relat ion of the determinable (dimensionless e lec t r ica l  r e s i s -  
tance R e ) and determining dimensionless numbers  in the general  form:  

Re=Re(LI, LII . . . . .  L~_ 1, E), (67) 

where 
]I, II,..., i--I 

R e ~ r e % 1 5  Z - ~  ~--~ ; L~, II ... . .  z - t  - -  (Y, Ii 

On fulfilling the modeling rules  formulated above for the I or-II ease the conditions E = idem and 
LI, II . . . . .  i-1 = idem and consequently Re = idem will also be fulfilled. This permi ts  t ransforming  the 
modeling conditions with respec t  to the dimensionless  voltages f51 = i d e m  and U2 = idem to the modeling 
conditions with respec t  to the dimensionless powers  respect ively  for the I case 

WI ~ 0!. w~, . =  idem; 
R~ = (p, gp c,t,t~ 

(68) 

for the II case 

W2 1 idem. (69) 
R e p , c , t ,  g3/~liS/~ - -  

In this case the relat ion between the voltage u and the power w is determined f rom the equations U1 (2) 
= idem and is expressed  by the re la t ions:  for the I case 

for the II case 

[ c,t, ~0.125(~,~)0.25 [230"375, (70) 

u = a~ (p,c,t,)o.2 gO.3 w ~ . (71) 
0-,0,5 

The shape fac tors  a t,  a2, which are constant for geometr ical ly  s imi lar  slag baths,  a re  determined 
from the experience of operating industrial  furnaces  by means of (70) or  (71). 

Thus for the assumptions made in accordance with the aforementioned modeling ru les  with observance 
of geometr ic  s imilar i ty  of the slag baths and identical equality of the dimensionless  dependences of the 
physical  proper t ies  on temperature  (character is t ic  functions) and accordingly of conditions (68) or  (69), the 
e lec t r ica l ,  t empera ture ,  velocity,  and pressure  fields in the slag baths of comparable furnaces  will be the 
same.  

For  the same slag melting points in comparable furnaces  (t, = idem) the condition of s imilar i ty  of 
tempera ture  fields, expressed by the equation 

t 
0 - -  - -  = idem, 

t, 

degenerates  to the condition of equality of t empera tures  (t = idem) at s imilar  points of the slag baths and, 
in par t icular ,  at the boundaries with the furnace lining. 

The conditions of identical equality of the dimensionless  charac te r i s t i c  functions and melting points 
of the slags (t, = idem) are fulfilled exactly on compar ing  furnaces of the same technology in which the 
same charges  are processed  and slags that are the same in composit ion and physical  proper t ies  are ob- 
tained. 

In this ease conditions (68), (70) and (69), (71) are simplified considerably and are t ransformed to the 
form; for the I case 

l~ = blw~ (72) 

u = blw~ (73) 

l i = b2w ~ , (74) 
f o r  the II c a s e  
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u = b~w 0"3 . (75) 

The coefficients b l, b~, b2, b 2 are constant for a given composit ion of the charge and slag and are 
determined f rom the experience of operat ing industrial  furnaces by means of the relat ions (72), (73) or  (74), 
(75), respect ively .  

F r o m  the prac t ica l  data the opera t ingprocess  of industrial  e lect r ic  slag furnaces is described sat is-  
factori ly by relat ions (68), (70), (72), and (73) for the I case for a value of the dimensionless  power W 1 
> 5 .10  -9 and by relat ions (69), (71), (74), and (75) for the II case with W 1 < 5 .10  -9. Here the cube root 
of the size of the volume of the subelectrode slag layer  corresponding to one electrode is taken as the de ter -  
mining dimension l i. 

We will give an example conf i rming the correspondence of the resu l t s  obtained to the pract ical  data. 

An empir ica l  formula was obtained in [14] which general izes  the pract ica l  data on industrial  phosphorus 
e lec t r ic  furnaces within the charge wf = 12-50 MW: 

= 285-,~ 11.4wf--O.O4w}. (76) 

Calculation shows that for these furnaces W i ~ 10 -8 and consequently for compar ison we must  use (72) 
for the I case .  F r o m  (72) 

= b3uJ~-5. (77) 

For  a value of the constant b 3 = 110 in (77) the calculation resu l t s  by Eqs.  (76) and (77) pract ical ly  
coincide. 

By means of relat ions (74) and (75) for the II case we calculated the geometr ic  pa rame te r s  and volt-  
age during intensification of the operation of the industrial  e lec t r ic  furnace for process ing  t in-containing 
raw mater ia l ,  for which W 1 ~ 10 -9. With an increase  of furnace output by 1.5 t imes the tempera ture  r e -  
gime and degree of wear  of the furnace scarce ly  changed. 

The resul t s  obtained permit  proposing the new method of calculating the main geometr ic  and e lec t r ica l  
pa r ame te r s  of the o r e - t he rmic  e lec t r ic  slag furnace being designed. 

The exist ing calculation methods are based on the  condition of the equality of the specific surface 
e lec t r ic  power (r = idem) in the "standard" furnace and furnace being designed. However,  it is known f rom 
pract ice  that during operation it is possible to increase  considerably the technical and economic indices of 
the e lec t r ic  slag furnace without noticeably shortening the service life of the furnace lining by increas ing 
the specific power of the furnace in compar ison  with the design power. 

The proposed method of calculation, unlike the exist ing ones, is based on the more  concrete and 
physically substantiated condition of equality of t empera tures  at identical points at the interfaces of the melt  
with the lining in the "standard" furnaces and furnaces being designed (t = idem) and is consistent with the 
prac t ica l  data on intensification of e lec t r ic  smelting. 

A furnace employing the new technology can be calculated by Eqs. (68) or  (69) and (70) or (71) in the 
same way, but with a g rea te r  e r r o r  (as a consequence of the inequality of the dimensionless  charac te r i s t ic  
functions and melting points t . ) .  It is expedient to compensate the inaccuracy of the calculation by select ing 
additional voltage steps of the furnace t r a n s f o r m e r  above and below the design value. 

is the 
is the 

a is the 
e c is the 
j is the 
w is the 
7 is the 

is the 
e is the 
u is the 
t is the 

NOTATION 

maximum value of the complex vector  of quantity a; 
complex value of quantity c.,; 
vector  a; 
speed of light in a vacuum; 
imaginary unit; 
angular frequency of al ternating current ;  
time; 
specific e lec t r ic  conductivity; 
e lec t r ic  field strength; 
effective voltage between electrode and zero  point in melt  (phase voltage); 
temperature;  
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is the mel t ing point of s lag (at liquidus point); 
is the acce le ra t ion  of  gravi ty;  
is the veloci ty  of melt ;  
~s the p r e s s u r e ;  
is the molecu la r  heat conductivity; 
is the specif ic  heat  per  unit weight; 
is the density;  
is the coefficient  of dynamic v iscos i ty ;  
a re  the l inear  coordinates ;  
a re  the geomet r i c  p a r a m e t e r s ;  
is the dis tance between the e lec t rode  and zero  point in the mel t  in any direct ion;  
is the radius  vec to r  whose s t a r t  is  at the cu r ren t  point and end is at a given point of 

space;  
~s the unit radius  vec tor ;  
~s the volume of melt;  
is the t e m p e r a t u r e  gradient  along the no rma l  to the in ter face;  
is the quantity of heat pass ing  through a unit sur face  of the in ter face  in unit t ime; 
~s the s t ra in  ra te  tensor ;  
~s the equivalent sur face  of the e lec t r i c  field in the melt ;  
~s the e lec t r i c  r e s i s t a n c e  of the mel t  reduced to one e lec t rode;  
is the e lec t r i c  power genera ted  in mel t  per  e lec t rode ;  
is the total  power genera ted  in mel t  of furnace ,  MW; 
is the specif ic  sur face  power of furnace ,  i . e . ,  power genera ted  in mel t  pe r  unit a rea  

of furnace hear th ,  kW/m 2. 

S u b s c r i p t s  

n n o r m a l  components  of the vec tor ;  
* physical  p a r a m e t e r s  of the s lag at t*. 

do 
2. 

3. 

4. 
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