
H E A T  A N D  M A S S  T R A N S F E R  W H E N  M E L T I N G  

S C R A P  IN AN O X Y G E N  C O N V E R T E R  

E .  M. G o l ' d f a r b  a n d  B.  I .  S h e r s t o v  UDC 536.24:66.041.498 

An approximate  analyt ical  solution is p resen ted  for  the dynamic cha rac t e r i s t i c s  of the me l t -  
ing of steel  s c rap  in the oxygen-conver t e r  remel t ing  p roces s .  A specif ic  calculation is 
ca r r i ed  out for  the melt ing of a spher ica l  f ragment .  

The complexi ty of p rob l ems  re la t ing to the melt ing of s teel  sc rap  in an i r o n - c a r b o n  mel t  is due to 
the in te r re la ted  nature of the p r o c e s s e s  of heat  and mass  t r ans f e r .  During the melt ing p r o c e s s ,  the t e m -  
pe ra tu re ,  composit ion,  and hydrodynamic  p a r a m e t e r s  of the liquid phase  vary ,  while the p ieces  of s teel  
sc rap  are  of different  shapes and s izes .  In the mathemat ica l  descr ip t ion of the melt ing dynamics  it is 
the re fore  essen t ia l  to adopt a schemat ic  approach  and to make a number  of s implifying assumpt ions .  How- 
ever ,  even on simplifying the conditions the p roce s s  can only be descr ibed  by nonlinear equations.  The 
major i ty  of the computing equations cannot be exp re s sed  explici t ly with r e spec t  to t ime,  and this compl i -  
cates all  the calculat ions.  

The dynamics  of s c rap  melt ing in an open-hear th  furnace were  considered in [1, 2]. A dist inctive 
feature  of heat  and mass  t r a n s f e r  in a conver te r  bath (as compared  with the open hearth)  is the much 
s t ronger  agitation of the liquid phase and the f a s t e r  r i s e  in its t empe ra tu r e .  Whereas ,  in an open-hear th  
furnace,  all the sc rap  melts  by virtue of diffusive dissolution over  a per iod in which the t e m p e r a t u r e  of the 
pig iron is lower than the initial t empe ra tu r e  of the s teel  sc rap ,  in a conver te r  coa r se  sc rap  is unable to 
mel t  in an analogous per iod.  In the c o n v e r t e r - r e m e l t i n g  of s teel ,  the pig iron is poured onto the surface  
of the cold sc rap ,  and (in con t ras t  to open-hear th  melting) this compels  us to consider the surface f reezing 
and remel t ing  of the melt .  

Thus the melt ing of s c rap  in the oxygen conver te r  may be divided into the following dist inct  per iods :  
1) the f reezing of the mel t  on the surface  of the cold mater ia l ;  2) the melt ing of the layer  so frozen; 37 the 
diffusive melting (dissolution) of the scrap;  4) the melt ing of the remain ing  heated solid ma te r i a l .  

The f reezing of the mel t  takes place as a r e su l t  of the intensive absorpt ion of heat  by the cold solid 
(scrap).  The heat  evolved in the solidification of the mel t  is en t i re ly  expended in heating the solid ma te r i a l .  
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Fig. 1. Mode of calculating the f reezing of the mel t  
(a) and curve r ep resen t ing  the BiO = f ( F o ) r e l a t i o n -  
ship (b): 1) for a plate; 2) for a cylinder; 37 for  a 
sphere.  
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Fig. 2. Mode of  ca lcula t ing  the mel t ing  of the Dozen  
mel t  (a) and curves  r e p r e s e n t i n g  the re la t ionsh ip  
(1-o0) /N = f(Fo) (b): 1) for  a plate;  2) for  a cy l in-  
der ;  3) fo r  a sphere .  Continuous cu rves :  cold solid,  
Eq. (13); b roken  cu rves :  hea ted  solid,  Eq. (19). 

The su r face  f r eez ing  c e a s e s  on r e a c h i n g  t h e r m a l  equ i l ib r ium,  when the hea t  f luxes on the inner  and ou te r  
s u r f a c e s  of the f r eez ing  l aye r  a r e  in balance .  

Fo r  ca lcula t ion p u r p o s e s ,  we make the a s sumpt ion  that  the t e m p e r a t u r e  of the mel t  is constant  and 
equal to tr ;  the f r eez ing  l a y e r  is r e g a r d e d  as "thin," at  a t e m p e r a t u r e  of is; contact  be tween the f r eez ing  
l a y e r  and the o r ig ina l  solid (scrap) is r e g a r d e d  as ideal,  and the t e m p e r a t u r e  of the s c r a p  su r face  is taken 
as  is; we cons ide r  that  the mel t  f r e e z e s  ove r  the whole su r face  of the solid; the t h e r m o p h y s i c a l  cons tan ts  
he re  and subsequent ly  a r e  r e g a r d e d  as constant .  

In o r d e r  to d e t e r m i n e  the th ickness  of the f rozen  l aye r  and the t ime of f r eez ing  c o n s i d e r  the s c h e m e  
in Fig.  l a .  

The t h e r m a l  flux on the su r f a c e  of  the s c r ap  m a t e r i a l  (cons idered  in the f o r m  of a plate ,  cy l inder ,  o r  
sphere)  when the su r f ace  t e m p e r a t u r e  r i s e s  ins tan taneous ly  is equal to [3] 

q o = ~ T ( t _ _ t o )  2 exp - - ~  r~ ] (1) 
Y o 

n ~ l  

The amount  of hea t  a r r i v i n g  on unit  su r face  a r e a  in a t ime r equals  [3] 

Q--=-)~,(t~--to) ~ 1--exp - -  2 _a,~_)] 

n ~ l  

Let  us se t  up the t h e r m a l  ba lance  equat ion c o r r e s p o n d i n g  to a pe r iod  IT for  the solid and the l aye r  of 
f rozen  mel t  

Or [cr (tr - -  t=) q- • dV = foqod~. (3) 

The ra t io  V / f  0 m a y  be e x p r e s s e d  as  fol lows:  

V 6 (c~ ~+2 - -  1) 

f0 (2~ -/- 2) ' (4) 

where  co 1 = I + s / r  0. 

Af te r  in tegra t ing  (3) and al lowing for  (4) we have 

co~+= - 1 = (2~ + 2) (7 , (5) 
rop, [6 (6 - -  t=) § • 

where  Q is d e t e r m i n e d  f r o m  the condit ion of t h e r m a l  equ i l ib r ium.  For  this purpose  we m u s t  solve the 
fol lowing equat ion for  r 

a (t, - -  is) = iv, (t 8 - -  to) _22ro exp - -  ~ r - - ~  ) (6) 
n ~  1 
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Fig. 3. Mode of calculating the dissolution of scrap Ca) 

and curve representing the relation (Cs- Co)/(Cp- Cs) 
: f([) (b). 

The solution (6) is shown graphical ly in Fig. lb  in the form of the function 

Bi 0 = f (Fo),  

where 

B i=  ~r~~ O -  t r-- ts  " Fo--  a~  
) b  ' t ~ - -  t o ' r~ 

A solution was presented in [9] for the freezing and melting of a crus t  of melt; this gave resul ts  ap-  
proaching the exact solution of [10] for large valuesof  X T / k r ,  CT/C r.  In deriving the computing equations 
the scrap material  was regarded as "thin," so that its temperature  was independent of the coordinate x. 
For the "bulk" mater ia ls  which are of major  interest  in the melting of converter  scrap,  the foregoing cal-  
culation [9] introduces serious e r r o r s .  Calculations based on Eq. {5), however,  in contrast  to those of [9], 
give more accurate resul ts  for l a rger  values of } ' r / k T .  

The melting of the frozen layer  s tar ts  after thermal  equilibrium has been achieved. In order  to de-  
rive the equation of the melting p rocess  we consider the following scheme (Fig. 2a). We derive an equation 
for the continuous removal  of melt from the surface of the solid mater ia l  (R 0 = r 0 + SH). The thermal flux 
is expended in melting an e lementary  layer  and heating the res t  of the solid. The thermophysical  constants 
are  taken as constant, and averaged for the frozen melt and scrap.  Let us set up the thermal  balance equa- 
tion over a period dr  for the melting solid 

qr[ld'~ = [lupds - -  d [pcV 1 (t s - -  tar) ] . (7) 

After introducing the values of tav and V 1 we obtain [3] 

qr&r = • -- d [ql (Ro - -  s) ~+a] 
a (2~ +2)(2~; +4)(Ro --s) 2~+1 (8) 

The solution (8) was obtained in [3] by introducing the concept of a nominal specific heat. 

In the present  instance, in order  to determine qi, we take s = 0. After t ransforming (8) we obtain 

q f l~  - -  • = R~dql 
a (2~ + 2) (2,; + 4 )  " (9) 

Equation (7) may be written in a different way 

qrdT - -  • --_ q l&.  

Comparing (9) and (10) we obtain 

R~dql 
qldz = - -  a (2v + 2)(2- -}-, 4) 

(10) 

(11) 

Integrating (11) and considering that for r = 0 ql = qr,  we obtain 

qt = q,. exp [ _  (2v + 2) (2v + 4) a~] 
Rg 

(12) 
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After substituting (12) into (9) and integrating, we obtain an expression which may be used for determining 
the time of melting of the frozen melt and the motion of the melting boundary 

and 

(2v + 2)Fo l - - a )  , 1 [1 --  exp (--A Fo)] ( 1 3 )  
�9 2 N  * 2 v - 1 - 4  

~o= 1 - - - -  s ; A = (2v + 2) (2v q- 4); N cq~R~ 
Ro 2 (2v + 2) zs 

The solution of (13) is given in Fig. 2b. 

In order  to es t imate  the accuracy  of the solution, we made comparative calculations based on Eq. 
(13) and the nomograms of [4] for various v and N. The calculations showed that Eq. (13) was reasonably 
accurate. 

The diffusive melting of the solid involves both heat and mass t ransfer .  The p rocess  taking place at 
the lowest velocity at any specified instant of time will constitute the limiting factor'. 

Let us consider the dynamics of scrap dissolution start ing from the diffusion of carbon in the solid 
material .  The charac te r  of the carburizat ion p rocess  will be determined by the quantity Bi d = fir0/D. 
Under the conditions encountered in the oxygen conver ter ,  in which the melt suffers intensive agitation, 
Bi d >> 1. Hence a carbon concentration corresponding to the liquidus line should be es tabl ishedins tantane-  
ously at the surface of the solid. In o rder  to determine the motion of the dissolution boundary, we use the 
solution derived in [3] for a plate (Fig. 3a): 

c)C (x, ~:) = D 02C (x, "0 , s .< x .~ oo; 
O~ Ox 2 

C(x, O ) = C ( s ,  "c), C(~,  0)=Co; (14) 

D OC (s, "0 _ (Cp - -  C~) O--E- 
Ox &c ' 

r o being regarded as infinite. 

where 

According to [3] the solution of Eq. (14) will have the form 

C (u) - -  Cp erfc u 

C8 - -  Cp erfc ~ ' 

X S 

2 V D~ 2 1, D~ 

(15) 

is determined from the equation 

C8 - -  Co t/~- ~ exp ~2 erfc ~. (16) 
C v-c~ 

For approximate calculations with ( C s - C 0 ) / ( C p - C s )  >- 0.8, instead of (16) we may use the equation 

Cp - -  C~ 

The motion of the dissolution boundary is determined by the equation 

The diffusion dissolution of the scrap lasts  approximately  10-15 min after  the blast begins. 
show that in this period only a very  thin layer  is able to dissolve,  and the use of Eq. (18) for a cylinder or 
sphere introduces little e r r o r  into the solution. 

The melting of the heated solid s tar ts  f rom the instant at which the temperature  of the melt exceeds 
the melting point of the original scrap.  In deriving the corresponding equation, we may use the principles 
employed ea r l i e r  in calculating the melting of the frozen melt. However, we must r e m e m b e r  that in this 
ease the solid has a l ready been heated, and the thermal  flux will be expended solely in melting it. The 
dynamic equation will take the form 

(18) 

Calculation s 
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Fig. 4. Dynamics of the melting 
of a sphere:  I) f reezing of the 
melt; II) remel t ing  of the frozen 
melt; III) dissolution of the solid; 
IV) melting of the remain ing  
heated pa r t  of the solEd; t, rain. 

i - - ( 0  
(2v + 2) Fo= - -  (!  9) 

2N 

The solution of (19) is p r e s e n t e d  in Fig. 2b. 

A fundamental difficulty in calculating s c r ap -me l t i ng  dynamics  
by the method proposed is that of determining the h e a t - t r a n s f e r  co-  
efficient.  There  a re  as yet  no re l iable  data for  the conditions of the 
oxygen conver te r ,  such as might be used for these calculations.  Re -  
sults such as those of [1, 2], based  on a study of the melt ing of sc rap  
in an open-hear th  furnace,  cannot be mechanical ly  t r a n s f e r r e d  to 
conver te r  melting,  since the dependence of the coefficient a on the 
intensity of agitation of the liquid phase is c l ea r ly  not l inear .  With- 
out exper imenta l  data we can only make a rough guess  as to the value 
of this coefficient.  To a f i r s t  approximat ion the average  a for the 
per iod of intensive decarbur iza t ion  may be de te rmined  f rom the 
t he rma l  balance of the wa te r  cooling the tuyere .  For  this purpose  we 
require  to know the depth of immers ion  of the tuyere in the mel t  as 
well  as its s t ruc tu ra l  dimensions and the t empe ra tu r e  and ra te  of 
flow of the water .  

Calculations based  on published data and actual  p rac t ice  show that for  this per iod ~ l ies  in the range 
2. 104-3 �9 104 W / m  2- deg. For the per iod of f reezing and remel t ing  of the melt ,  a may be taken as having 
the average  va lue  der ived f rom [1, 7]. Figure 4 shows the melt ing curve of a sphere 200 mm in d iamete r .  
Specific data for the mel t  and the sc rap  in the calculation were  taken f rom [5, 6] and exper imenta l  r e su l t s .  
The diffusion coefficient of carbon in s teel  sc rap  at  T = 1700~ was de te rmined  [8] f rom 

D = {0,07 + 0.06 [C]exp ( 320001.99T )}" 
The ra t io  ( C s - O 0 ) / C p - C s )  , was taken as equal to 0.8. The value of the the rma l  flux qr for  the per iod of 
intensive melt ing (period IV) was taken as 1.25. 106W/m 2, which cor responds  to a = 2.5.104 W / m  2. deg and 
t r - t  s = 50~ 

The r e su l t s  of the calculations showed that: the t ime of f reezing and remel t ing  of the mel t  r e s p e c -  
t ively equalled 30 and 105 sec; the thickness of the f rozen layer  was 20 ram; during the d i f fus ive-d i sso lu-  
tion per iod (12 min), the d i ame te r  of the sphere  diminished by 5 mm; the remaining  heated pa r t  of the 
sphere  melted in 4 rain. The total t ime for  the melt ing of the sphere was 18 rain. If we r e m e m b e r  that 
the pouring of the pig iron las ted some 2 rain, we see that the sphere  melted 16 rain a f te r  the b las t  s tar ted.  

We see f rom the calculat ions that, on using coarse  sc rap ,  the cooling of the bath during melt ing 
per iods  I, II, and III may be mainly asc r ibed  to the heat  requi red  for heating the sc rap .  

The use of "l ight-weight" sc rap  with a highly developed surface causes  intensive cooling of the bath 
at the onset  of melt ing by vir tue of its heating and dissolution; this is undesirable  for technological  r ea sons ,  
since the p r o c e s s  of slag format ion is r e t a rded  at low t e m p e r a t u r e s .  

The computing method presented  he re  provides  a genera l  p ic ture  of the melt ing of cold sc rap  in a 
conver te r  bath. 

ts 
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a 

p 
O 

qo and qr 

NOTATION 

is the melt ing point of pig iron; 
a r e  the initial and ave rage  t empe ra tu r e s  of the solid i m m e r s e d  in the melt; 
a r e  the heat -  and m a s s - t r a n s f e r  coefficients;  
is the latent  heat  of melting; 
is the t he rma l  diffusivity; 
is the the rma l  conductivity; 
is the density; 
is the specif ic  heat; 
a r e  the specif ic  t he rma l  fluxes a r r iv ing  at the surface  of the i m m e r s e d  solid during the f r e e z -  
ing and remelf ing  of the melt;  
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q l  

Cr 
Co 
Cp and C s 

SH 
S 

r 0 

V l and fl 
T 

Pn 

D 

is the specif ic  thermal  flux used in heating a layer  (r 0-  s) thick; 
is the carbon concentration in pig iron; 
is the initial carbon concentration in the scrap; 
are  the carbon concentrat ions on the liquidus and solidus corresponding to the specified metal 
tempera ture ;  
is the maximum thickness of the frozen layer  of melt on the scrap; 
is the cur ren t  coordinate of the phase- t ransformat ion  boundary; 
is the initial size of the solid; 
is the form fac tor  of the solid (u = 1/2, O, and 1/2 for a plate, cylinder,  and sphere); 
a re  the volume and a rea  of the solid; 
is the time; 
are  the roots  of the equation governing the heating of the solid (plate, cylinder,  or sphere) 
when the tempera ture  of its surface r i s e s  instantaneously; 
ts the diffusion coefficient of carbon in the scrap.  
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