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The procedure  shown in [1] for calculating thermal  fields is applied to ingots with large di- 
amete rs .  Numerical  resul ts  are  obtained for two such ingots. 

In [1] we have formulated the thermal  and e lec t r ica l  problem of the e lec t r ica l  slag melting p rocess ,  
have proposed a procedure  for numerical  calculations,  and have shown an i l lustrative calculation of the 
tempera ture  field in a smal l -d iamete r  labora tory  ingot. A somewhat modified procedure  is used for c a n  
culating l a rge - d i am e te r  industrial  ingots under variable melt ing conditions, including the formation of 
shrinkage cavit ies.  Without delving into the mathemat ica l  descr ipt ion of the problem, we will now bring 
out only those modifications which per ta in  to l a rge -d i ame te r  ingots. 

In the original formulation of the problem in [1] it was assumed that droplets of metal trickling f rom 
the electrode onto the ingot surface re lease  heat (if T <- | or  absorb heat (if T > | at the ingot surface.  
For  calculating l a rge -d iame te r  ingots we assume that droplets  of metal  at temperature  | fall into a metal 
bath and penetrate  deeper  into it, with all their heat becoming distr ibuted uniformly within the region 

D={O.~r~R1 ,  H < z < H + H  d, T>Oo},  

where the depth of droplet  penetrat ion H d is assumed equal to half the depth of the liquid metal  pool. In 
view of this, in the equation of heat conduction for an ingot at points of region D there appears  a t e rm 
gl(T) which represen t s  the volume concentrat ion of heat sources :  

~ v (t) Copo (o~ - 7") 

In calculating industrial  ingots it is neces sa ry  to consider  the possibi l i ty of variable melt ing condi- 
tions, when the voltage u* applied to the e lec t rode var ies  as some function of time. Since stabilization of 
the e lec t r ic  field in a slag bath occurs  usually much fas te r  than the variat ion of voltage u*(t) at the e lec-  
trode, hence in the s teady-s ta te  e lec t r ica l  problem one may replace the unknown voltage u(r, z, t) by a new 
unknown function ~(r ,  z) = u(r,  z, t)/u*(t). Function (p(r, z) is descr ibed by the s teady-s ta te  Laplace equa- 
tion with boundary conditions which are  independent of time t. Fo r  the concentrat ion of heat sources  in a 
slag bath we obtain the following expression:  

g(r, z, t)= 1 u,2(t)I( OqD ~2+ 
p (\ ar ] \ az ] J (1) 

In this way, having once solved the problem for ~p and having thus also determined the field of its der iva-  
t ives with respec t  to r and z, we find the field of heat sources  at every  instant of time t f rom formula (1). 

For  a numerica l  solution of the thermal  problem one uses  the P e a c e m a n - R a c k f o r d  method of va r i -  
able direct ions [2], taking into account the latent heat of phase t ransformat ion  [3, 4] by the Ole in ik-Kameno-  
mostskaya  method. For  solving the problem of determining function ~, the Laplace equation is replaced 
by the equation A~ = 8(p/St and the s teady-s ta te  solution is found by the same P e a c e m a a - R a c k f o r d  method. 
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TABLE 1. V a r i a b l e s v  i, T m a  x, H a , H 4, a n d z  i 
as  F u n c t i o n s  of T i m e  for Ingots  with D i a m e t e r s  

1100 m m  and 1500 m m  

/ [ zi(t), m t ,h  vi(t), m/h lIT . . . .  ~ H,,m ~4,.m 1 

In ot diameter 1100 mm 

1,8 
3,6 
5,4 
6,3 
7,2 

10,8 
12,6 

0,265 
0,259 
0,256 
0,247 
0,245 
q,161 
0,132 

2611 
2584 
2549 
2523 
2508 
2311 
2211 

0,048 
0,045 
0,037 
0,035 
0,027 
0,005 
0,013 

0,276 
0,569 
0,747 
0,778 
0,791 
0,621 
0,480 

0,41 
0,89 
1,35 
1,58 
1,80 
2,55 
2,81 

1,8 
4,5 
7,2 
8,1 

12,6 
15,3 
18,0 

Ingot diameter 1500 mm 

0,287 
0,227 
0,185 
0,166 
0,135 
0,121 
0,109 

2372 
2236 
2146 
2120 
2046 
2011 
1984 

0,13 
0,12 
0,10 
O, 063 
0,016 
0,013 
0,010 

0,252 
0,695 
0,910 
0,930 
0,772 
0,668 
0,580 

0,41 
1,10 
1,65 
1,81 
2,47 
2, 82 
3,13 

2. We wil l  show the r e s u l t s  of n u m e r i c a l  c a l -  

c u l a t i ons  made  for  two s tee l  ingots  with d i a m e t e r s  
1100 m m  and 1500 m m ,  r e s p e c t i v e l y .  The in i t i a l  

va lues  for  the 1100 m m  ingot a r e :  R 1 = R 2 = 0.4375 
m,  R = 0 . 5 5 m ,  h =  0 . 0 5 m ,  H--  0.46 m,  l = 0 . 0 1 m ,  

~/ = 0.008 m,  Pl = 2500 k g / m  3, 00S - 7~00 k g / m  a, g0L 
= 6900 k g / m  a, etS = CoL = 838 J / k g .  ~ elL = 146G.5 
J / k g .  ~ e0s = 586.6 J / k g .  ~ k l s  = 2.33 J / m  �9 see  
�9 ~ klL = 168.8 J / m -  see  �9 ~ k0s = 39.6 J / m .  sec  

�9 ~ k0L = 79.2 J / m . s e e . ~  | = 1500~ Ni = @2 
= 1650~ s 0 = 0 . 8 ,  e t = 0 . 7 ,  7 = 2 . 4 . 1 0 5 J / k g ,  u 0 = u  2 
= 20~ u t = 16000C, T o = T  1 = 100~ T 2 = T  3 = 150~ 
T~ = T s = 20~ o~ 2 = a  a = 408 j / m 2 "  s e e ' ~  0S = 2.8 

~2 . m ,  PL = 0.00324 ~ . m ;  

65, o-.< t ~ 8, 
u * ( t ) =  - - 2 t q - 8 5 ,  8 ~ < t ~ 1 2 ,  

55, t ~ 12 

(u*(t) in vo l t s ) .  The in i t i a l  va lues  for  the 1500 m m  in -  
got d i f fe r  f rom those for  the Ii00 m m  ingot  i n a s m u c h  
as h e r e  Rt = R 2 = 0.6 m,  R = 0.75 m, h --- 0.19 m,  H 
= 0.56 m,  and oz 2 =c~ 3 = 128 j / m 2 - s e e . ~  

- - l l . 5 x q -  70, x.<. 1.26, 

u*(x) = --7 .08xq-64.425,  1.26.~x..< 2.46, 
�9 ~ 3,75x q- 56.225. x >~ 2~46, 

x = H + l + z i ( t ) .  

The ingot  beg ins  to m e l t  a f t e r  41 ra in  in the 1100 m m  ingot  and a f t e r  54 ra in  in the 1500 m m  ingot.  

The l i n e a r  c a s t i n g  r a t e  of an ingot  v i, the co re  t e m p e r a t u r e  of a s lag  bath T m a  x, the height  of the 
c y l i n d r i c a l  p o r t i o n  of a l iquid  m e t a l  ba th  H3, the depth of the l iquid  m e t a l  pool in the ba th  H4, and the 
he ight  of the eas t  ingot  z i a r e  a l l  shown in Tab le  1, as  func t ions  of t ime ,  for  the 1100 m m  and the 1500 m m  
ingot ,  

The  tes t  da ta  for  the 1100 m m  ingot  inc lude  the t r e n d  of the T = 1465~ i s o t h e r m  (sol idus  l ine) and 
the height  of the ea s t  ingot  a f t e r  t = 3.6 h and t = 6.3 h. The ca l cu l a t ed  and m e a s u r e d  data a r e  c o m p a r e d  
in Fig .  1. The  d i s c r e p a n c y  be tween  the ca l cu l a t ed  and the m e a s u r e d  depth of the l iquid  m e t a l  pool a f t e r  
3.6 and 6.3 h is  8 and 127o, r e s p e c t i v e l y ,  while  the d i s c r e p a n c y  in the height  of a ea s t  ingot a f t e r  the s a m e  
m e l t i n g  t i m e s  is  6 and 8%, r e s p e c t i v e l y .  

Of g r e a t  p r a c t i c a l  i m p o r t a n c e  in the c a s t i n g  of ingots  is  the f ina l  s tage  of the p r o c e s s :  the p r o p e r  
choice  of the o p e r a t i n g  vol tage  mode u*(t) d u r i n g  the f inal ,  to avoid the f o r m a t i o n  of sh r inkage  c a v i t i e s  
which would f o r m  if the m e t a l  on the ingot su r f a c e  were  sol id  while  in s ide  the m e t a l  the re  s t i l l  ex i s t ed  a 
l iqu id  r eg ion .  F o r  the 1100 m m  ingot  we show the r e s u l t s  of the fo l lowing m e l t i n g  mode:  I) u*(t) = 0 at 
t >- 12.6 h and II) u*(t) = - 9 . 1 6 7 t  + 170.5 a t  12.6 -< t --< 18.6 h. The changes  in the T = 1500~ i s o t h e r m  for  
the ingot (z -> 0.46) u n d e r  condi t ions  I) and II) a r e  shown in  F ig .  2. In mode I), when the vol tage  d u r i n g  
the f ina l  s tage  is swi tched  off i n s t an t ly ,  a l r e a d y  1 h l a t e r  (t = 13.7 h) t he re  f o r m s  a l a r ge  sh r i nka ge  cavi ty .  
If the vol tage  du r ing  the f ina l  s tage is d e c r e a s e d  l i n e a r l y  f r o m  55 V down to ze ro  wi thin  6 h (mode II)), 
however ,  then no s h r i n k a g e  cav i ty  f o r m s  and the ingot is  c o m p l e t e l y  c r y s t a l l i z e d  wi th in  2.8 h of the f inal  
s tage .  In F ig .  2 is  a l so  shown the shif t  of the T = 1340~ m e l t i n g  i s o t h e r m  for  s lag  in the s lag  bath (0 ~ z 
< 0.46) u n d e r  mode I-I). 

C a l c u l a t i o n s  for  the 1500 m m  ingot  we re  made  a c c o r d i n g  to the fo l lowing ope r a t i ng  modes :  III) u*(t) 
= - 8 . 4 7 7 5 t +  195 at  1 8 - < t _ <  2 3 h a n d i V )  u*(t) = - 5 . 3 t +  137.76 at  1 8 - < t - <  2 6 h .  A sh r i nka ge  cav i ty  is  
p roduced  a f t e r  3 h of the f ina l  s tage  (t = 21 h) in mode III) and a f t e r  4 h in mode IV). The s ize  of the 
sh r i nkage  cav i ty  is  much  s m a l l e r  in mode  IV) than in mode  III). 

It is  to be noted that  c a l c u l a t i o n s  for  the f ina l  s tage a r e  b a s e d  on the s a m e  e l e c t r i c  po t en t i a l  f ie ld  
( n o r m a l i z e d  to uni ty)  as  c a l c u l a t i o n s  for  the e n t i r e  p r o c e s s ,  a l though at the end, when the s lag  bath b e g i n s  
to cool and a so l id  s l ag  c r u s t  a p p e a r s ,  the po t en t i a l  f ie ld  u n d e r g o e s  changes .  In c a l c u l a t i n g  the c o n c e n -  
t r a t i o n s  of hea t  s o u r c e s  g(r ,  z, t), however ,  the r e s i s t i v i t y  is  a s s u m e d  PS for  the so l id  phase  and PL for  
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Fig.  1. C o m p a r i s o n  between tes t  values  (dashed line) and 
calculated values  (solid line) for  the 1100 m m  ingot (r, z, 
in m): 1, 2) t rends  of the 1465~ i so the rm;  3, 4) heights of 
the cas t  ingot; 1, 3) t =  3 .6h ;  2, 4) t = 6 . 3 h .  

Fig.  2. Shift "of the T = 1340~ mel t ing  i so the rm  for  s lag 
and of the T = 1500~ mel t ing  i s o t h e r m  for  meta l ,  as  a func- 
tion of t ime,  for  the 1100 m m  ingot during fo rmat ion  of 
shr inkage  cav i t ies  [in mode II), solid line, and in mode I), 
dotted line]: 1) t =  13 h; 2) 13 .7h;  3) 14h;  4) 14.3 h; 5) 
14 .7h;  6) 15 h; 7) 12 .6h;  8) 13 h; 9) 13 .7h;  r , m ;  z , m .  

the liquid phase .  Inasmuch as  PS and PL dif fer  by a lmos t  three  o r d e r s  of magnitude,  heat  sou rces  a r e  in 
effect  e l iminated f rom the solid s lag and this s e e m s  to agree  c lose ly  with actual  conditions. 

Thus,  the p rocedu re  developed he re  yie lds  the t e m p e r a t u r e  field in l abo ra to ry  as well  as in indus- 
t r ia l  ingots under  var ious  mel t ing  conditions.  The calculat ions were  made on a Bt~SM-4 computer .  

R1, R2, R 
h 

H 
H3 
Hd 

l 

Pl, PoS, PoL 
cls, CiL, CoS, CoL 
kls, kIL, k0s, k0L 
~0, E1 
3' 
| 

| 
U O, Ul, U2 

NOTATION 

are the radii of the pool, the electrode, and the ingot, respectively; 
is the depth of the electrode penetration into the slag; 
is the height of the slag bath; 
is the height of the cylindrical portion of the liquid metal bath; 
is the depth of the droplet penetration; 
is the thickness of the slag crust; 
is the thickness of the mold; 
are the densities of the slag, the solid metal, and the liquid metal, respectively; 
are the specific heats of the slag and the metal, respectively; 
are the thermal eonduetivities; 
are the emissivities of the metal and slag, respectively; 
is the la tent  heat  of the fusion; 
is the mel t ing  t e m p e r a t u r e  of the meta l ;  
is the superhea t  t e m p e r a t u r e  of the meta l ;  
is the t e m p e r a t u r e  of the meta l  drople t  a f t e r  pa s sage  through the s lag bath; 
a r e  the initial  t e m p e r a t u r e s  of the e lec t rode ,  the slag,  and the meta l ,  r espec t ive ly ;  
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W m a x  

TO, TI,..., T 5 

PL, PS 
U $ 

vi 
zi 

is the core  tempera ture  of the slag bath; 
are  the ambient t empera tures  at the respect ive  segments  of the ingot wall; 
a re  the coefficients of the heat t r ans fe r  at the wall F 2 and F 3, respect ively;  
are  the e lec t r ica l  res is t iv i t ies  of the liquid and the solid slag~ respect ively;  
is the electrode potential (voltage); 
is the l inear  casting rate;  
is the height of the cast  ingot. 

i. 

2. 

3. 

4. 
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