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The authors propose a method of measuring T m and AT s =Tm - Tcr 
based on the laws of heat transfer between a cooled wall and molten 
me~al. 

At p r e sen t ,  the t e m p e r a t u r e  of the mol ten  s teel  in 
s tee l  sme l t ing  p lan ts  is  m e a s u r e d  with tungs ten  vs. 
r h e n i u m  or  p la t inum thermocouples ,  pro tec ted  by 
spec ia l  s leeves .  These i n s t r u m e n t s  a re  capable of 
giving cont inuous  read ings  for 3 - 5  mel t s ,  tt is diffi-  
cult  to i n c r e a s e  the life of the the rmocoup les  s ince 
thermocouple  and s leeve m a t e r i a l s  with adequate r e -  
s i s t ance  to the t he rma l  and chemica l  action of mol ten  
s teel  are  not yet  ava i lab le  [1]. 

I I 

Fig.  1. Section through the r -  
moprobe  head: 1 and 2) t he r -  
mocouple  junc t ions ,  3) c r y s -  

ta l l ized  skin. 

A second impor tan t  t h e r m a l  smel t ing  p a r a m e t e r  is 
the d i f ference  between the t e m p e r a t u r e  of the s tee l  

and i ts  c r y s t a l l i z a t i o n  point.  At p resen t ,  there  is no 
means  of checking this  p&rameter .  There fo re  the de-  
ve lopment  of a new method of l o n g - t e r m  (up to I fu r -  
nace  run) and cont inuous  m e a s u r e m e n t  of these  quan-  
t i t i es  is  a m a t t e r  of immedia t e  concern .  

Such a method is de sc r ibed  in this paper .  
F o r  the case  of mol ten  meta l  in contact  with a cop- 

pe r  wall  c a l i b r a t i on  g ives  r e l a t i ons  of the fo rm 

rot), (1) 

A T s = (9 (q, Ter). (2) 

In ca l i b r a t i on  the meta l  t e m p e r a t u r e  Tm is m e a -  
su red  by a r e f e r ence  i m m e r s i o n  thermocouple ,  the 
c ry s t a l l i z a t i on  t e m p e r a t u r e  is d e t e r m i n e d  f rom the 
pe rcen tage  ca rbon  content  in the mol ten  s teel ,  and the 

heat  flow q f rom the mol ten  meta l  i s  m e a s u r e d  f rom 
the t e m p e r a t u r e  drop in the copper  wall ,  s ince,  with 
a suff ic ient  degree  of accuracy ,  the t e m p e r a t u r e  d i s -  
t r ibu t ion  over  the wall  sect ion may be a s sumed  l inear .  
In o r de r  to c on f i r m  the na tu re  of the t e m p e r a t u r e  d i s -  
t r ibu t ion  we solved the heat conduction equation (one- 
d imens iona l  va r ian t )  for a copper  plate with one face 
at cons tan t  t e m p e r a t u r e ,  the t e m p e r a t u r e  of the other  
e i the r  va ry ing  at a cons tant  ra te  or  f luctuat ing s inu-  
soidal ly.  

F o r  n o r m a l  m a x i m u m  ra t e s  of change of meta l  
t e m p e r a t u r e  of 0 .08 deg / sec  and local  t e m p e r a t u r e  
f luc tuat ions  not exceeding one cycle  every  3 - 4  sec,  it 
was found that the t e m p e r a t u r e  d i s t r ibu t ion  over  the 
sect ion of a copper  plate  0 . 0 1 - 0 .  015 m thick will  be 
p r a c t i c a l l y  l i nea r .  

Moreover ,  the inves t iga t ions  showed that l i nea r i t y  
of the t e m p e r a t u r e  d i s t r ibu t ion  in a copper  plate 0.01 
m thick is  p r e s e r v e d  even at a ra te  of change of s u r -  
face t e m p e r a t u r e  of 3 deg / sec ,  i . e . ,  at va lues  con-  
s ide rab ly  above those n o r m a l l y  encounte red  in p r a c -  
t ice.  

Within these wall  t h i cknesses  the thermocouple  - 
j unc t ions  should be located on the wall  sur faces ,  s ince 
in this case  &T w wil l  be g rea tes t .  

We wil l  c o n s i d e r  ce r t a in  f ea tu res  of heat  t r a n s f e r  
in mol ten  me ta l s .  When mol ten meta l  c o m e s  into con-  
tact  with a cooled copper  wall ,  a skin is formed on the 
wall  sur face .  As our  own s tudies  and theore t ica l  and 
e x p e r i m e n t a l  inves t iga t ions  of the cont inuous steel  
cas t ing  p r oc e s s  have shown, the rate  of c ry s t a l l i z a t i on  
of meta l  on cold sur faces  is in i t i a l ly  ve ry  grea t .  The re -  
fore the skin c r y s t a l l i z a t i o n  p r o c e s s  is a lmos t  i n s t an -  
taneous.  
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Fig. 2. Calibration curves for determining 
T m, ~ (a), and ATs, deg (b), from ATw, 
deg: 1, 2~ and 3) for T c r  = 1403 ~ 1503 ~ , 

and 1613 ~ K, respec t ive ly .  

Molten s tee l  is one of the l i qu id -me ta l  heat t r a n s f e r  
agents  in which an impor t an t  role  in the heat  t r a n s f e r  
p r o c e s s  is  played by t he r ma l  conduct ion.  Thanks to 

good mixab i l i ty  the t e m p e r a t u r e  of the meta l  bath 
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c l o s e  to the skin  on the t h e r m o p r o b e  is  the s a m e .  Heat  
t r a n s f e r  t akes  p l a c e  in a thin l a y e r  at the s k i n - m o l t e n  
m e t a l  i n t e r f a c e .  In th is  c a s e  the e f fec t ive  me ta l  t r a n s -  
f e r  coef f i c ien t  i s  v e r y  l a r g e .  Our  inves t iga t ion  has  
shown that unde r  these  condi t ions  the hea t  t r a n s f e r  
p r o c e s s  is  p r a c t i c a l l y  i n e r t i a l e s s .  

T h e r e f o r e ,  for  the given,  s t r i c t l y  speaking ,  non-  
s t a t i o n a r y  hea t  t r a n s f e r  p r o c e s s  it  is  p o s s i b l e  to use  
the fol lowing equat ion fo r  the hea t  f lux: 

q = Ctm(Tm - -  Tcr) = amA Ts,. (3) 

C l e a r l y ,  then '  the hea t  flow f r o m  the mol ten  me ta l  i s  
d e t e r m i n e d  only by the hea t  t r a n s f e r  coef f i c ien t  a m 
and the t e m p e r a t u r e  d rop  6 T s ,  T c r  depending  only on 
the c h e m i c a l  c o m p o s i t i o n  of the me ta l .  Thus,  the hea t  
flow does  not  depend  on the t h e r m a l  r e s i s t a n c e s  of the 
skin,  the gap be tween  skin  and wal l ,  and the wal l ,  o r  
on the t e m p e r a t u r e  and f l owra t e  of the wal l  coo lan t .  
The hea t  flow f rom mol ten  m e t a l  to a cooled  c o p p e r  
wal l  can be d e t e r m i n e d  f r o m  the f o r m u l a  

q =  ~ ( T  ~  AT w. (4) 
6 

D e t e r m i n a t i o n  of the r a t i o  3./6 invo lves  c e r t a i n  e r r o r s .  
T h e r e f o r e  i t  is  b e t t e r  to f ind r e l a t i o n s  of the f o r m  

T m = f , ( A T w ,  Tcr), (5) 

AT s = qh(aTw, Tcr ). (6) 

By us ing  m o r e  h e a t - r e s i s t a n t ,  but  l e s s  hea t -conduc t ing  
wa l l  m a t e r i a l ,  it  i s  p o s s i b l e  to i n c r e a s e  the d i f f e r e nc e  
A T  w for  the s a m e  wal l  t h i ckness ,  and hence  i n c r e a s e  
the a c c u r a c y  of the m e a s u r e m e n t s .  

We have des igned  and bui l t  a w a t e r - c o o l e d  t h e r m o -  
p robe  c o n s i s t i n g  of a s e a m l e s s  o u t e r  tube to which a 
c o p p e r  head  is  welded,  a s e a m l e s s  i nne r  tube, c o n n e c -  
t ions  fo r  the c i r c u l a t i o n  of cool ing  wa te r ,  and s e a l s  
fo r  l ead ing  out the ends  of the t h e r m o c o u p l e s  to the 
t e r m i n a l  b lock.  The s e a l s  and t e r m i n a l  b lock  a r e  con-  
ta ined  in hous ings  f a s t ened  to the top of the p robe .  To 
the ou te r  and inne r  s u r f a c e s  of the p robe  head  t h e r e  
a r e  we lded  the junc t ions  of c h r o m e l - a l u m e l  t h e r m o -  
coup le s  con ta ined  in b r a s s  tubes ,  whose  ends  extend 
out through the s e a l s  (Fig.  1). 

In 1962 the e l e c t r i c  a r c  fu rnace  of the E x p e r i m e n t a l  
P l an t  of the Cen t r a l  Scient i f ic  R e s e a r c h  Ins t i tu te  of 
F e r r o u s  M e t a l l u r g y  was  used  for  a s e r i e s  of e x p e r i -  
m e n t s  on the i m m e r s i o n  of a w a t e r - c o o l e d  c o p p e r  
t h e r m o p r o b e  head  in mol ten  me ta l .  The e x p e r i m e n t  
began  a f t e r  p r e p a r a t i o n  of the me l t ,  when the t e m p e r a -  
tu re  d i f f e r ence  A T s  in the bath r e a c h e d  200-300  deg, 
and was  conduc ted  at cons tan t  c h e m i c a l  c o m p o s i t i o n  of 
the me ta l ,  which cooled  with the fu rnace  doo r  open. 

Dur ing  the e x p e r i m e n t  m e a s u r e m e n t s  w e r e  made  of 
the m e t a l  t e m p e r a t u r e ,  the p e r c e n t a g e  ca rbon  content  
in the s t ee l ,  the t e m p e r a t u r e s  of the i nne r  and o u t e r  
wa l l  s u r f a c e s ,  the t e m p e r a t u r e  of the w a t e r  at  the 
t h e r m o p r o b e  in le t  and out let ,  and the r a t e  of flow of 
w a t e r  to the p robe .  A f t e r  in t roduc t ion  of the c o p p e r  
head  into the work ing  space  of the fu rnace  the t e m p e r a -  
tu re  d rop  in the m e a s u r i n g w a l l  was  10 deg.  On i m m e r -  
s ion of the c o p p e r  head  into the s t ee l  the t e m p e r a t u r e  

of the ou te r  wal l  su r f a c e  r a p i d l y  i n c r e a s e d ,  r e a c h i n g  
a c e r t a i n  m a x i m u m .  Then, as  the bath  cooled ,  the 
t e m p e r a t u r e  of the ou te r  wal l  s u r f a c e  fel l .  Since e v e r y  
120 see  the t ip of an i m m e r s i o n  t h e r m o c o u p l e  was  in-  
s e r t e d  under  the c o p p e r  head,  thus se t t ing  the mol ten  
m e t a l  in mot ion,  the t e m p e r a t u r e  of the ou te r  wa l l  
s u r f a c e  f luc tua ted  about a c e r t a i n  mean  value .  The 
t e m p e r a t u r e  of the i n n e r  wal l  su r f ace ,  o v e r  which 
w a t e r  f lowed, r e m a i n e d  p r a c t i c a l l y  cons tan t .  The t e m -  
p e r a t u r e  of the w a t e r  in the p robe  head  s c a r c e l y  v a r i e d  
and was  equal  to 280~ ~ K. 
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Fig .  3. Sect ion through t h e r m o p r o b e  
head:  1) annu la r  gap,  2) t h e r m o p i l e  
connec t ion  d i a g r a m ,  3) t h e r m o - e l e c -  
t r o d e s  in tubes;  a, b) t h e r m o p i l e  

junc t ions .  

As shown by e x p e r i m e n t s  on the i m m e r s i o n  of a 
c o p p e r  head into mol ten  s t ee l  at the Novotulka Me ta l -  
l u r g i c a l  Plant ,  the p robe  can be cooled  with s a t u r a t e d  
s t e a m ;  however ,  in that  c a s e  the ou te r  su r f ace  of the 
p r o b e  above the c o p p e r  head  mus t  be t h e r m a l l y  i n su -  
l a t ed .  

The t e m p e r a t u r e  d rop  in the s t e e l  at the beginning  
of the e x p e r i m e n t  was  A T  s = 200-300  deg. The c r y s -  
t a l l i z a t i on  point  of the s t ee l  r e m a i n e d  cons tan t  dur ing  
the e x p e r i m e n t .  As soon as  the t e m p e r a t u r e  d rop  A T  s 
b e c a m e  equal  to 100 deg,  the head of the p robe  was  
l i f t ed  out of the s t ee l  and the e x p e r i m e n t  t e r m i n a t e d .  

If we d raw  c u r v e s  through the mean  va lue s  of TOw 
and c o n s t r u c t  r e l a t i o n s  (5), (6) on the b a s i s  of a s e -  
r i e s  of e x p e r i m e n t s ,  we obtain the g r a p h s  shown in 
Fig .  2. 

As m a y  be seen  f r o m  the f igure ,  r e l a t i o n s  (5), (6) 
a r e  qui te  r e g u l a r ,  so that  T m and A T  s can  be m e a -  
s u r e d  with a t h e r m o p r o b e .  Judging  f r o m  the d i v e r -  
gence  of the c u r v e s ,  the a c c u r a c y  in d e t e r m i n i n g  T m 
and A T  s with the f i r s t  type of t h e r m o p r o b e  is  •  ~ K. 
Two types  of t e m p e r a t u r e  s e n s o r s  can be mounted  in 
the m e a s u r i n g  wal l :  the f i r s t  (Fig.  1) invo lves  the 
we ld ing  of a n u m b e r  of t h e r m o c o u p l e  j unc t ions  to the 
i nne r  and o u t e r  s u r f a c e s  of the m e a s u r i n g  wal l ;  the 
second  (Fig.  3) the i n c o r p o r a t i o n  into the m e a s u r i n g  
wal l  of a t en - junc t ion  t h e r m o p i l e .  

The f i r s t  v a r i a n t  i s  d i s t i n g u i s h e d  by the s i m p l e  
mount ing  of the t h e r m o c o u p l e s .  However ,  in th is  c a s e  
the t h e r m o c o u p l e s  i n t e r s e c t  the i s o t h e r m a l  l ines  in 
the wal l  at an angle ,  which is  u n d e s i r a b l e .  

In the second  v a r i a n t  the t h e r m o - e l e c t r o d e s  a r e  
l oc a t e d  along the i s o t h e r m a l  l ines ,  and i t  i s  p o s s i b l e  
to sum the t h e r m o - e m f ' s  of the ind iv idua l  t e m p e r a t u r e  
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s e n s o r s .  However,  the a s s e m b l y  of the thermopi le  is  
more  complex,  the more  so in that it i s  now n e c e s s a r y  
to insu la te  the t h e r m o - e l e e t r o d e  junc t ions  f rom the 
wal l  without i n c r e a s i n g  the i r  iner t ia .  An annu la r  a i r  
gap was c r ea t ed  in o rde r  to reduce heat  l o s ses  through 
the end faces  of the m e a s u r i n g  wall  to the n e c e s s a r y  
m i n i m u m .  

It should be noted that in the p roces s  of s t e e l - m a k -  
ing the ca rbon  content  of the s tee l  changes .  However, 
these changes  take place slowly and can be checked by 
o r d i n a r y  methods  of chemica l  ana lys i s .  This  makes  it 
poss ib l e  in m e a s u r i n g  T m and AT s to in t roduce c o r -  
r ec t ions  for the change in c rys t a l l i za t i on  t e m p e r a t u r e .  
In m e a s u r i n g  the t e m p e r a t u r e s  of non fe r rous  mol ten  
meta l s ,  in which the p re sence  of an impur i ty  often has 
no effect on Tc r  , there  is no need for this co r rec t ion .  

Before the copper  head of the the rmoprobe  can en-  
t e r  the mol ten  steel ,  it mus t  pass  through a thick 
l aye r  of slag, and a dense  f i lm of s lag may fo rm on the 
sur face  of the head. The p r e sence  of s lag p reven t s  the 
fo rmat ion  of a meta l  skin and makes  m e a s u r e m e n t s  
imposs ib le .  

As expe r imen t s  on an e lec t r i c  a rc  fu rnace  have 
shown, c h a r a c t e r i s t i c  s igns  of the p r e s e n c e  of a s lag  
f i lm are  a s l ight  r i s e  in the t e m p e r a t u r e  of the ou te r  
wall  surface  at the moment  when it comes  into contact  
with the mol ten meta l  and the p r e s e n c e  of a sma l l  con-  
s tant  t e m p e r a t u r e  drop in the wall  of the head  when 
i m m e r s e d  in the mol ten meta l .  

To exclude this  effect, the ra te  of pene t ra t ion  of the 
copper  head through the slag l a ye r  and i ts  sur face  
t e m p e r a t u r e  mus t  be suff ic ient ly  high. This reduces  
the poss ib i l i ty  of fo rmat ion  of a tough f i lm of s lag on 
the probe surface .  There fore  it may be p re fe rab le  to 
use h e a t - r e s i s t a n t  heads  that can operate  at h igher  
t e m p e r a t u r e s  than copper .  

NOTATION 

T is  the t e m p e r a t u r e ;  AT s = T m - Te r  is  the dif-  
f e rence  between meta l  t e m p e r a t u r e  and c r y s t a l l i z a t i on  

0 t e m p e r a t u r e ;  AT w = T w - T~v is the di f ference between 
t e m p e r a t u r e s  of outer  and i nne r  wall  su r faces  of t he r -  
moprobe  head; q is the heat flux; )~ is the heat conduc-  
t ivi ty;  a m is  the coeff ic ient  of heat  t r a n s f e r  f rom mol -  
ten meta l  to wall  of the rmoprobe  head; 6 is  the d is tance  
between thermocouple  junc t ions  m e a s u r i n g  t e m p e r a -  
t u r e s  of outer  and i nne r  wall  sur faces .  
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