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This paper describes the two-phase region at the interface of the 
solid and liquid phases. The effect of change in thickness of the 
crust on the heat transfer between the water-cooled copper wall and 

the Iiquid metal  is examined. 

Heat-engineering investigations led to the develop- 

ment of a method of continuous measurement of the 

temperature T M of a liquid metal and the difference 

AT between the temperature of the metal and its crys- 

tallization point. The method is based on the princi- 

ples of heat transfer between the liquid metal and the 

solid metal crust crystallized on the water-cooled 

copper wall. The method consists essentially in the 

use of calibration to find a relationship between the 

thermal parameters T M and AT of the liquid metal and 
the heat flux q incident on a water-cooled copper head 

submerged in the liquid metal. 

Comparative Data on Crystallization Points of 

Liquid Steel 

Crystallization point of liquid metal 

Carbon determined from 
content, % iron-carbon Andreev's Pronin's 

diagram data data 

0.1 
0,2 
O. 3 
0.-t 
0,5 

1799 
1790 
I782 
1773 
1766 

1789 
1777 
1666 
1757 
1753 

1783 
1773 
1763 
1755 
1748 

When the liquid metal comes in contact with the 

water-cooled copper wall a crust is formed on the 

surface of the wall; the thickness of this crust can 

vary in time. There is a two-phase region at the in- 

terface of the solid and liquid phases. The presence 

of the above-mentioned factors is a special feature 

of this kind of heat transfer. 

The aim of the present paper is to reveal the nature 

of the crystallized solid crust and how the change in 

its thickness affects the heat flux q incident on the 

wall. The clarification of this question is important 

for estimation of the accuracy of the new method of 

measurement, since the heat flux is the main para- 

meter from which the thermal parameters T M and 

AT are determined. 

To solve this problem we consider some aspects 

of the mechanism of heat transfer between a liquid 

metal and a water-cooled copper wall from investi- 

gations in a TsNIIChM electric arc furnace. 

The experimental procedure was as follows: 

When the melt was ready a special device with a 

water-cooled copper head was lowered through the 

roof of the furnace. The experiment began when part 

of the copper head was immersed in the liquid metal. 

The copper he~d was a cylinder with a fiat end wall. 

The junct ions  of the rmocoup les  were  so lde red  c lose  
to the cen te r  of the inner  and outer  su r f aces  of the 
wall .  At the s t a r t  of the expe r imen t  the d i f fe rence  be -  
tween the t e m p e r a t u r e  of the meta l  and !its c r y s t a l l i z a -  
t ion point was T M - T c r  = 200 - 250 deg. The door of 
the furnace  was then opened and the meta l  was allowed 
to cool. The ra te  of reduc t ion  of the t e m p e r a t u r e  of 
the l iquid me ta l  was 0.3 deg/sec .  The chemica l  compo-  
s i t ion of the s tee l  dur ing  the expe r imen t  was constant~ 

rL 
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Fig.  1. T e m p e r a t u r e  d i s -  
t r ibu t ion  over c r o s s  sect ion 

of c rus t .  

The t e m p e r a t u r e s  of the inner  and outer  su r faces  of 
the end wall of the head, i m m e r s e d  in the liquid metal ,  
were  cont inuous ly  m e a s u r e d .  The t e m p e r a t u r e  of the 
l iquid meta l  in the fu rnace  was m e a s u r e d  every  60-120 
sec by i m m e r s i o n  t he rmocoup le s .  The flow of water  
for cooling the copper  head was cons tant .  In the t r e a t -  
ment  of the expe r imen ta l  data the t e m p e r a t u r e  of the 
l iquidus l ine,  d e t e r m i n e d  by the pe rcen tage  compos i -  
t ion of carbon  in the s tee l  with the aid of the i r o n - - c a r -  
bon d iagram,  was taken as the c r y s t a l l i z a t i on  point.  

~ f  

/.f#d 

H 

Fig.  2. Re la t ionsh ip  between 
heat  flux q, W/m 2 and t h e r m a l  
r e s i s t a n c e  ~/k, deg. m2/W of" 
gap (IIL Poin ts  1, 2, 3, and 4 
a re  the t h e r m a l  r e s i s t a n c e s  of 

the same  kind of s tee l .  

Andreev  and P r o n i n  obtained va lues  for the c r y s -  
t a l l i za t ion  point  [1], which a re  compared  in the table 
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with the t e m p e r a t u r e s  of the l iquidus l ine de t e rmined  
f rom the i r o n - c a r b o n  d i ag ram for the s ame  p e r c e n t -  
age amounts  of carbon  in the s tee l .  The compat ib i l i ty  
of the f igures  in the table conf i rms  that  the c r y s t a l l i -  
zat ion point  can be de t e rmined  in this  way. The th ick-  
ne s s  of the copper  wall of the head was 0.008 ram. The 
m a x i m u m  th ickness  of the c ry s t a l l i z ed  c r u s t  at the 
end of the expe r imen t  was not m o r e  than 0.01 m. 
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Fig.  3. Cross  sect ion S of l iquid phase 
and carbon  content  C, % in r e l a t ion  to 
c ru s t  th ickness  ~, m for d i f fe rent  in -  
t e rva l s  of t ime: I and 1) S(x) and C(x) for 
~'l, r e spec t ive ly ;  II and 2) the s ame  for 

T2; III and 3) for T 3; IV and 4) for r 4. 

Since the change in t e m p e r a t u r e  of the me ta l  in 
uni t  t ime  is slight, the t h e r m a l  conduct iv i t ies  of the 
copper wall  and c r y s t a l l i z e d  c ru s t  a re  high, and they 
a re  thin, the t e m p e r a t u r e  d i s t r ibu t ion  in c ro s s  s e c -  
t ions of the wall and c ru s t  at d i f ferent  per iods  of t ime  
will be p rac t i ca l ly  l i nea r  ( f i r s t  assumpt ion) .  

The diffusion equation [2, 3] mus t  be used to d e t e r -  
mine  the d imens ions  of the two-phase  reg ion  in the 
c rys t a l l i zed  c rus t .  This  equation is de r ived  on the 
a s sumpt ion  that  the change in the impur i ty  in an e l e -  
men t  of volume of the l iquid phase in the two-phase  
reg ion  is due both to diffusion pe rpend icu la r  to the 
l ines  of concen t ra t ion  of the impur i t y  in the l iquid 
phase and to d i r ec t  r e m o v a l  of some of the impur i ty  
by sol id i f ica t ion.  As inves t iga t ions  have shown, the 
diffusion of ca rbon  in c rys t a l l i za t i on  p r o c e s s e s  has 
p rac t i ca l ly  no effect on the f inal  r e s u l t s .  

It  follows f rom this  that the t e r m  containing the 
diffusion coeff ic ient  can be omit ted f rom the diffusion 
equation (second assumpt ion) .  In view of this  the m a -  
themat ica l  fo rmula t ion  of the p rob lem (Fig.  1) will  
have the following form: 

The m a s s  ba lance  equation [1, 2] is 

K C  OS = 0 (CS) (1) 
O r  O"c 

Here  S(x, T), the c r o s s - s e c t i o n a l  a r e a  of the l iquid 
phase, c h a r a c t e r i z e s  the two-phase  s ta te  of the m e -  
d ium at each point, and C is the percen tage  amount  
of ca rbon .  

The equation of the l iquidus l ine  on the i r o n - c a r b o n  
d i ag ram (we a s sume  that the l iquidus l ine is  straight) 
is 

T = TA - -  p C. (2) 

The equation for the temperature distribution in 

the cross section of the crust is 

T = a + bx. (3) 

The boundary  condit ions on the c r u s t  are  

T(0, ~) = T(~), (4) 

T(~, x) ~- TL. (5) 

The solut ion of the s y s t e m  of equat ions (1)- (3) (the 
constants  a and b in Eq. (3) are  de t e rmined  f rom the 
boundary  condit ions (4) and (5)) is  

T = T ('~) -]- TL - -  T (x) - -  x .  ( 6 )  

The amount  of heat  t r a n s m i t t e d  through the c ru s t  
i s  

q (x) ---- -~- [TL - -  T (x)]. 

In view of (7), Eq. (6) will take the fo rm 

T = T (~) + q (T) x. 

(7) 

(8) 

Subst i tut ing the value of T in (8) in fo rmula  (2), we 
find an exp res s ion  for the carbon content  C 

C = T A T (x) q (x~) x. (9) 

The m a s s  ba lance  equation (1) is solved in the fol-  
lowing way: 

KCdS = d (SC); S = (Co~C) 1/(I-K). 

A s s u m i n g  that w h e n S - -  1, T = T  L, C =C0,r iC0= 
= T A - T L (see (2)), and taking (9) into account,  we 
obtain the solut ion of the m a s s  balance equation (2) 

/( ) S =  1/" (TA--TL) T A - - T ( ' ~ ) - -  q('~) x (10) 

for T > Teu t. 

e. 
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Fig. 4. C r u s t  th ickness  ~, m (1 ,2 ,3)  and amount  

of heat  qc,  W/i~  (4) r e l e a s e d  due to c r y s t a l l i z a -  
t ion aga ins t  t ime  ~-, see .  
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The amount  of heat  t r a n s f e r r e d  f r o m  the l iquid 
me ta l  to the c r u s t  is  given by the fo rmu la  

q = aM (T~ - -  To , )  = aM A T.  (11)  

The c r y s t a l l i z a t i o n  point T c r  depends only on the 
chemica l  compos i t ion  of the s t ee l .  The heat  t r a n s f e r  

coef f ic ien t  c~ M for  l iquid s t ee l  in f r e e - c o n v e c t i o n  
condi t ions  depends on the t e m p e r a t u r e  d i f f e r ence  AT = 

= T M - T c r  and on the phys ica l  cons tants  of the s tee l .  
The phys ica l  constants  ( pa r t i cu l a r l y  the t h e r m a l  con-  
ductivity) depend on the t e m p e r a t u r e  of the l iquid s t ee l  
at the boundary with the sol id  c rus t ,  the t e m p e r a t u r e  
of the outer  su r f ace  of which is equal  to the c r y s t a l l i -  
zat ion point. This  means  that r e l a t i onsh ips  be tween 

T M, AT, and q mus t  be found for each c h e m i c a l  c o m -  
posi t ion of s t ee l  and its co r r e spond ing  c r y s t a l l i z a t i o n  
point. 

As a consideration of (ii) shows, the heat flux 

associated with heat transfer between the liquid metal 

and the solid metal crust formed on the water-cooled 

copper wall depends only on the values of AT (AT >> 

>> 0), aM' and Tcr. It follows from this that the heat 
flux in the presence of a temperature difference is 

independent of the thermal resistance of the crust, 

the gap between the crust and the wall, and the rate 

of cooling of the wall itself. On the other hand, these 

quantities, being interrelated to some extent, depend 

on the heat flux. This is the essential difference from 

heat transfer through an ordinary wall where the heat 

flux depends entirely on the thermal resistance of the 

wall itself and the thermal resistances at its bound- 

aries. This feature of the heat transfer is a favorable 

factor from the viewpoint of conducting measurements, 

since a change in the indicated quantities will not af- 

fect the accuracy of measurement of the heat flux. 

The heat flux incident on the copper wall was cal- 

culated from the formula 

~, [y~xt  --int 
q = -~- - ' 1 '~  ]. 

The t h e r m a l  conduct ivi ty  of the copper  was d e t e r m i n e d  
on a spec ia l  appara tus .  The  d is tance  between the junc -  

t ions of the c h r o m e l - - a l u m e l  t he rmocoup le s ,  which 
m e a s u r e  the t e m p e r a t u r e  of the wall  sur face ,  was 
m e a s u r e d  a f te r  the wall  had been out a c r o s s  through 

the t he rmocoup le  junct ions .  It was 0.0076 m. The 

t h e r m o c o u p l e s  w e r e  s o l d e r e d  to the wall  su r f ace  with 

b r a s s  so lde r .  

We will  e s t i m a t e  the d e g r e e  of a c c u r a c y  of m e a -  
s u r e m e n t  of the heat  flux. The agg rega t e  e f fec t  of the 

e r r o r s  in m e a s u r e m e n t  of the d i s tance  be tween  the 
junct ions,  ca l ib ra t ion  of the t he rmocoup le s ,  and de-  
t e r m i n a t i o n  of the r e i a t i onsh ip  between the t h e r m a l  
conduct iv i ty  of copper  and the t e m p e r a t u r e  led to an 

equal  i n c r e a s e  or d e c r e a s e  of the m e a s u r e d  hea t  flux 

in al l  the e x p e r i m e n t s .  It  is  d i f f icul t  to e s t i m a t e  the 

absolute  value  of this o v e r - a l l  e r r o r .  In the t r e a t m e n t  
of the results of investigations it would cause a slight 

shift of the corresponding curves along one of the 

coordinate axes. The qualitative nature of the investi- 

gated effect woald not be affected. 

The e r r o r  in m e a s u r e m e n t  of the wall  su r f ace  t e m -  
p e r a t u r e  by the s e c o n d a r y  i n s t r u m e n t  can have e i t he r  
s ign and, hence,  r e q u i r e s  spec i a l  cons ide ra t ion .  The  
s e c o n d a r y  i n s t r u m e n t  used for  m e a s u r e m e n t  of the 
t e m p e r a t u r e s  was a E P P - 0 9  e l e c t r o n i c  p o t e n t i o m e t e r .  

The  m a x i m u m  e r r o r  in m e a s u r e m e n t  due to this 
i n s t r u m e n t  a f te r  a check ca l ib ra t ion  was +2 ~ C. 

Dur ing  the e x p e r i m e n t s  the t e m p e r a t u r e  d i f f e rence  
AT w in the wall  was 25~ ~ C. If we r e f e r  these  two 
d e g r e e s  to the lower  t e m p e r a t u r e  d i f f e r ence  AT w we 
obtain 2/25 �9 100 = 8% as the e r r o r  in m e a s u r e m e n t  of 
the hea t  flux, and if to the g r e a t e r  d i f f e r ence  AT w, 
we obtain 2 /80 .  100 = 2.5% as the e r r o r .  Thus,  the 
e r r o r  in m e a s u r e m e n t  of the heat  flux f r o m  the t e m -  
p e r a t u r e  d i f f e r ence  in the wal l  is 2 .5-8%.  

The th ickness  ~(7) of the c r y s t a l l i z e d  c r u s t  was 
found in the fol lowing way. The  in i t ia l  data  for  the 

ca lcu la t ion  w e r e  the t h i cknes se s  of the c r u s t  at the 
s tar t ,  middle ,  and end of the expe r imen t ,  obtained by 
d i r e c t  m e a s u r e m e n t  when the copper  head was r e -  
moved  f r o m  the l iquid me ta l  for shor t  pe r iods .  The 
th ickness  of the c r u s t  was m e a s u r e d  on the flat  end 

wall  of the head at the posi t ion of the t he rm ocoup l e  

junct ions  on i ts  su r f ace .  Within this  s m a l l  a r e a  the 
th ickness  of the c r u s t  was p r a c t i c a l l y  un i fo rm.  Such 
m e a s u r e m e n t s  w e r e  c a r r i e d  out in s e v e r a l  e x p e r i -  

men t s .  We f i r s t  found the r e l a t i onsh ip  be tween the 
heat  flux q and the total  t h e r m a l  r e s i s t a n c e  of the 
c ru s t  and gap (~/k) c + (~/k)g = (T L -- TewXt)/q (curve  

1 in F ig .  2). 
The t h e r m a l  conduct iv i ty  of the thin c ru s t  at t e m -  

p e r a t u r e s  c lose  to the c r y s t a l l i z a t i o n  point is k = 
= 23.3 W/m. deg.  This  and the in i t ia l  data for the 

th ickness  of the c r u s t  w e r e  used to find the value  of 

(Ux) c" 
In Fig .  2 these  va lues  l ie  on cu rve  I, whi le  cu rve  

II is drawn through the points  1, 2, 3 and 4, a f te r  
which (~/k) c is conve r t ed  to ~(r). Such a conve r s ion  

is poss ib le  s ince  the va lues  of (~/X) c + (~/X)g for a 

constant  r a t e  of  cool ing  a re  d e t e r m i n e d  by the heat  
flux, which v a r i e s  in a known manne r  dur ing the ex -  

p e r i m e n t .  
The l ine s e g m e n t s  f r o m  the y axis  to cu rve  II r e -  

p r e s e n t  the t h e r m a l  r e s i s t a n c e  of the gap. Hence  
cu rve  II is the r a t i o  of the t h e r m a l  r e s i s t a n c e  of the 
gap and the heat  flux. As an examina t ion  of c u r v e s  I 

and II shows, the thermal resistance of the gap is 

much greater than that of the crust. 

Knowing q(T) and ~(7), we determine T(T) = T L - 

- q~/h. Substituting T(7) in formula (i0), we obtain 

S(x, T). The graphs in Fig. 3 are plotted from the 

data of one of the experiments. 

When the liquid metal in the furnace cools, the 

thickness of the crust on the copper head steadily in- 

creases. For instance, in one experiment the thick- 

ness of the crust 120 sec after immersion of the head 

in the liquid metal was 0.001 m, after 270 sec it ~as 

0.0023 m, and so on (Fig. 3). At time 7 I= 120 sec 

and the corresponding crust thickness [~ = 0.001 the 

cross section of the liquid phase on the surface of the 

crust in contact with the metal wall was S = 0.46. At 

time T 3 = 450 sec and crust thickness 43 = 0.0041 the 
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c r o s s  sec t ion  of the l iquid phase  in the sec t ion  of c r u s t  
at a d i s t ance  of 0.0003 m f r o m  i ts  su r f ace  changed 
abrupt ly  f r o m  S = 0.3 to S = 0. The  r e a s o n  for  this  is 
as follows: at the boundary of the two-phase  region,  
whe re  the c r o s s  sec t ion  of the l iquid phase is S = 1, 
the p e r c e n t a g e  amount  of carbon  is the s a m e  as in 
the l iquid me ta l .  As the c r o s s  sec t ion  of the liquid 
phase  d e c r e a s e s  and the t e m p e r a t u r e  in it drops,  
c r y s t a l s  which a r e  poores t  in carbon a r e  p rec ip i t a t ed  
f i r s t .  Hence,  the pe rcen t age  carbon  content  i n c r e a s e s  
s tead i ly  in the r e m a i n i n g  par t  of the l iquid phase .  F o r  

a c r u s t  of th ickness  ~3 = 0.0041 in a c r o s s  sec t ion  of 
l iquid phase  S = 0.3, the pe r cen t age  amount  of carbon  
is the s a m e  as that  of the eu tec t ic .  At this c h e m i c a l  
compos i t ion  the l iquid changes  abrupt ly  to a solid.  

As an examina t ion  of F ig .  3 shows, at t ime  T 1 = 120 
sec  and T 2 = 270 sec  the whole c r u s t  is in the two-  
phase reg ion .  At T 3 = 450 see  and ~-4 = 540 sec  the two-  
phase r eg ion  occupies  a l a rge  par t  of the c rus t .  T h e r e  
is only a s m a l l  l a y e r  of comple te ly  f o r m e d  c r y s t a l s  
on the cold s ide of the c rus t .  Calcula t ions  showed 
that  the two-phase  r eg ion  f o r m e d  by the c rys ta l l i za t ion  
of h igh -ca rbon  s t ee l s  has apprec iab le  d imens ions .  
The t h e r m a l  conduct iv i ty  of carbon s t ee l s  c lose  to the 
me l t ing  point is the s a m e  and is ~ = 23.3 W/m. deg.  

One explanat ion of this may  be that  carbon s t ee l s  at 
t e m p e r a t u r e  c lose  to the c r y s t a l l i z a t i o n  point a r e  in 
a two-phase  s ta te .  

We wil l  d e t e r m i n e  the amount  of heat  r e l e a s e d  by 
c r y s t a l l i z a t i o n  as the th ickness  of the c r u s t  changes .  
F i g u r e  4 shows plots,  f r o m  the r e s u l t s  of t h r ee  ex -  
p e r i m e n t s ,  of c r u s t  th ickness  aga ins t  t ime  for  the 
ease  of cool ing  of me ta l  in a furnace  with constant  
f low of wa te r  for  cool ing the head and cons tan t  p e r -  
centage  carbon  content  of the l iquid s tee l .  

The d i f fe ren t  na tu re  of the c u r v e s  1, 2, and 3 is 
due to the fact  that  the condi t ions  of cool ing of l iquid 
me ta l  in a fu rnace  with an open door  a r e  d i f fe ren t  for  
va r ious  r e a s o n s .  

Us ing  cu rve  1, we can d e t e r m i n e  the amount  of 
hea t  r e l e a s e d  by c r y s t a l l i z a t i o n  of the c r u s t  f r o m  the 

d ~ This  cu rve  is  r e p r e s e n t e d  by fo rmu la  qe = q e r  ~} d 

the f o r m u l a  

= 1 . 9 . 1 0  - 6  ~ ' 3 1 .  

d~ 
Using  this f o rm u la  to d e t e r m i n e  --7- , we find the heat  
f lux qc due to c r y s t a l l i z a t i o n  of  tha~crust .  In F ig .  2 
the m i n i m u m  value of q for Z~- =0.002 is 0.4 �9 106W/m 2. 

Compar ing  the m a x i m u m  value  qc = 4 �9 103 W/m 2 (Fig .  

4) with the m i n i m u m  heat  flux f r o m  the l iquid me ta l  
s ide q = 0 .4 .  l0 s W/m 2, co r re spond ing  to the l e a s t  
probable  case  (Fig.  2), we see  that  the f i r s t  va lue  is 
1% of the second.  The ca lcu la t ion  was c a r r i e d  out for  
the case  where  the r a t e  of change of t e m p e r a t u r e  of 
the s t ee l  dur ing cool ing in an e l e c t r i c - a r c  furnace  was 
0.3 deg / sec .  In opera t iona l  condit ions in s tee l  plants 
the m a x i m u m  r a t e  of t e m p e r a t u r e  va r i a t ion  in the 
me ta l  at the me l t ing  stage is 0.07 deg / sec .  Hence,  the 
change in c r u s t  th ickness  dur ing  m e a s u r e m e n t  of the 

t h e r m a l  p a r a m e t e r s  T M and/~T of l iquid s tee l  f rom 
the heat  flux incident  on a w a t e r - c o o l e d  copper  wall, 
will  lead to an e r r o r  of l e s s  than 1%. 

NOTATION 

T is the time; x is the variable coordinate; ~ isthe 
crust thickness; T is the temperature; q is the heat 
flux; S is the proportion of liquid phase in the two- 
phase region; C is the carbon content; ?~ is the ther- 

mal conductivity; K = Csolid/Cliqu" ; a M is the coef- 
ficient of heat transfer from liquid metal to crust; 
TA is the temperature of metal with carbon content 
C = 0; T ext is the temperature of the wall surface 

--W 
in contact with liquid metal; T int is the temperature 

--W 

of the wall surface in contact with water; fi is the 
angle of inclination of the liquidus line; 5 is the dis- 
tance between the thermocouple junctions in the copper 
wall. 
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