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The heat  conduction p rob lem for  a meta l  heated in a furnace  with sca le  format ion  is solved by analog 
s imula t ion  on a r e s i s t a n c e  network. The r ec ip roca l  effect of oxidation of the meta l  on the heating p r o c e s s  
and of the t e m p e r a t u r e  r e g i m e  on the kinet ics  of sca le  format ion  is taken into account. 

The heating of meta l s  in h igh - t empera tu re  furnaces  is accompanied by oxidation of the sur face  and the 
fo rmat ion  of scale .  The heating and s c a l e - f o r m i n g  p r o c e s s e s  are  a r e su l t  of heat and mass  t r a n s f e r  between the 
meta l  and the gas medium in the furnace  and a re  interdependent.  The ra te  of sca l e  format ion  depends on the 
t e m p e r a t u r e  r eg ime  of the meta l  su r face  [1] and other  fac tors .  The re  is a feedback: the heat of oxidation r e l ea sed  a~ 
the su r face  of the body and the the rmal  r e s i s t a n c e  of the layer  of scale ,  which has a the rmal  conductivity s m a l l e r  
by a fac to r  of 20-30 than that of the meta l ,  affect the heating reg ime .  In engineer ing p rac t i ce ,  the heating and 
oxidation p r o c e s s e s  a r e  cons idered  separa te ly .  Thus, analytic methods of calculat ing meta l  heating in furnaces  [2] 
do not take into account the effect of sca le  fo rmat ion  on heat  t r a n s f e r  and a re  wholly sui table  only for  the case  of 
nonoxidative heating. Below, we p re sen t  a method of solving the combined problem of heating and oxidation of a 
cy l indr ica l  ingot of infinite length with boundary conditions of the third kind (Fig. 1). A layer  of sca le  grows at the 
sur face  of the ingot with the r e l e a se  of heat of oxidation at the s c a l e - f u r n a c e  interface.  

The r a t e  of sca le  fo rmat ion  is de te rmined  by diffusion p r o c e s s e s  and is expressed  by the following equation [1] 
de r ived  f rom F i c k ' s  law: 

k o exp (-- BFr2) 
dM 2 

- -  ( 1 )  

d r  M 

The thickness  of the sca le  is re la ted  to the mass  of meta l  conver ted  into sca le  by the following express ion:  

1.33M 
5 = - -  (2) 

Y2 

The power  of the source  of heat of oxidation 

dM 
qox = Q o x - -  (3) 

d r  

The solution must  give the t empe ra tu r e  field of the ingot and the growth kinet ics  of the layer  of sca le  during heating 

6 = f ( r ) .  

In this case ,  the de te rmina t ion  of the t e m p e r a t u r e  f ield of the meta l  is a p rob lem of heat conduction of a two- 
layer  s c a l e - m e t a l  body with va r i ab le  thickness  of the l ayers .  The effect  of oxidation on the ingot heating p r oce s s  is 
exp res sed  as the var ia t ion  in t ime of the thickness of the sca le  and meta l  l ayers  and by introducing into the boundary 
conditions the source  of heat of oxidation. 

The system of differential equations of heat conduction has the following form: heat conduction equation of the 

metal 

Oq ,--/0~tl , 1 Oq \ 

J 
(T>O; 0 -~ r 4 S); 

(4) 

heat conduction equation of the scale 
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\ 
Fig. 1. Heating of an ingot with scale  

formation.  
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O t ~  _ a 02& ( ~ > 0 ;  S . ~ r : - . S + 6 ) .  (5) 
~ Or--~ 

The layer  of sca le  is assumed to be plane because  of the smal l  ra t io  of thickness to radius.  

The boundary conditions are  

ct [tfu - -  to. (S -[- 5, T)] -[- Q o x ~  = ~o- 012 (S @-Or. (~' "Q ' (6) 

tl(S, ~)=t2(S, ~); ~,1 Oil(S, ~c)__L Ot2(S, ~) (7) 
Or Or 

The initial conditions a r e  

h(r, O)=f(r); t2(r, O)=t , (S,  0). 

At t ime  7 = 0 the re  is an init ial  f i lm of sca le  6(0) ;~ 0 on the sur face  of the metal ,  so that f rom the outset  the p r oce s s  
of sca l e  fo rmat ion  sa t i s f ies  the dif ferent ia l  equation (1). 

The heat conduction p rob lem was solved by analog s imulat ion on a r e s i s t a n c e  network [3, 4]. This network and 
the cor responding  f in i t e -d i f f e rence  scheme  a re  shown in Fig.  2. The l ayer  of sca l e  has been t rea ted  as a s ingle  
e l emen ta ry  l aye r  with a node at the cen ter  of the thickness.  The network r e s i s t ances  were  de te rmined  by the method 
desc r ibed  in [4]. 

The re  was no need to s imula te  the oxidation kinetics.  This problem was solved by calculat ion using values  of 
the sca le  t e m p e r a t u r e  measu red  in the p roce s s  of s imulat ing the heating of the ingot. The quanti t ies cha rac t e r i z ing  
sca le  fo rmat ion  w e r e  computed af ter  each m e a s u r e m e n t  of the e l ec t r i c  potent ials ,  and the network r e s i s t a n c e s w e r e  
modif ied according  to the r e su l t s  of the calculat ion be fo re  each new measu remen t .  

The following o rde r  of opera t ions  at the i - th  moment  of t ime was adopted: 

1) m a s s  of meta l  conver ted  into scale :  

M,=M,_I+ f MI (8) 

2) d e c r e a s e  in the thickness of the su r face  layer  of meta l  due to the diffusion of ions into the oxide phase: 

Mi, 
V i = V O - - - - ,  (9) 

71 

3) thickness  of the layer  of sca l e  in accordance  with (2) 

6 ~ -  1.33M~ ; (10) 

7~ 

4) ra te  of oxidation of the meta l  in accordance  with (1) 

k~L~ exp (-- BIT2( o ) 
2 

M~ 
; (11)  

5) spec i f ic  oxidation heat  flux f r o m  (3) 

dM 
qox ,, (12) 
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The model r e s i s t ances  were cor rec ted  in accordance with the values of 6i, v i and qox(i) obtained. 

Scale Metal 

a b c d n - /  

T T g Zn_l 

..5 

n n+l 

tn ~pn ln+/ T 

v ~ vb. ~ v<,. v,_,. i v,.~ v~,~. i 

~ b d n- /  n n+l 

~-~ ~ R6 ~ ~ ~-~ ~ ~, 
rC 
- Vf u 

Fig. 2. F in i t e -d i f fe rence  scheme and r e s i s t ance  network. 

Thus, by combining analog s imula t ion  with running oxidation calculat ions we took into account the rec iproca l  
influence of scale  format ion on the t empera tu re  and thermal  heating reg imes  and of the t empera tu re  reg ime  on the 
growth kinet ics  of the layer  of scale.  

The t empera tu re  (a) and thermal  (b) heating regimes ,  obtained on an EI-12 e lee t ro in tegra tor  as a resu l t  of 
s imula t ing  heating with allowance for  sca le  formation,  a re  presented  in Fig. 3 for a cyl indr ical  ingot of low-carbon 
steel.  The curve in Fig. 3e r ep re sen t s  the growth kinetics of the sca le  layer,  obtained by calculat ion f rom formulas  
(8)-(12} using the t empera tu re  at the scale  node measu red  during simulat ion.  

f~O0 /I-,. ~ .~ 0,~ 

fO00~ I a ~: 

"% ,.;o 

\\ 

L 

1800 3600  5z-tO0 

2 
/ /  7 c 

0 / 8 0 0  3 6 0 0  "~ 

Fig. 3. Heating and oxidation of ingot (t, ~ q, W/mS; 5, mm; 
T, sec): 1) furnace  tempera ture ;  2) t empera tu re  of outer 
sur face  of scale; 3) t empera tu re  of ingot surface  during 
heating with oxidation; 3') the same without oxidation; 4) 
t empera tu re  on ingot axis during heating with oxidation; 4') 
the same without oxidation; 5) total heat flux qfu + qox; 6) heat 

flux qfu; 7) growth of scale  layer.  

In the given example, we specified the following values.  Ingot d iameter  0.6 m. The ini t ial  t empera tu re  field of 
the ingot is descr ibed by the parabo la  

tl (r, O) -- 11 O0 - -  300 ~ 

The surface  t empera tu re  of the ingot at the end of heating is 1280 ~ C; the furnace  t empera tu re  is 1300 ~ C. Heat is 
t r ansmi t t ed  f rom the furnace  to the ingot by radiat ion.  The reduced radiat ion factor  is 4.07 W/m 2. deg 4. The density 
of the steel  ~/~ = 7500 kg/m~; that of the sca le  7~ = 5000 kg/m 3. The dependence of ~ (W/m.  deg) and e 1 (kJ/kg- deg) on 
t empera tu re  (~ is as follows: 

858 



J O U R N A L  OF  ENGINEERING PHYSICS 

t 0 ~ 1000 1000 + 1200 1200- 1300 

~1 46.5 44.5 46.5 

cl 0.675 0.78 0.71 

The  t e m p e r a t u r e  d ependence  of ~2 ( W / m .  deg)[5]: 

900 1000 1100 1200 1300 

)~ 1.45 i.62 1.85 2.1 2.3 

e 2 = 1.25 k J / k g ,  deg; 5(0) = 0.0001 m. 

The v a l u e s  of the  c o e f f i c i e n t s  k 0 = 5- 103 kg2 /m ~" sec  and B = 18" 103 deg w e r e  taken f r o m  the e x p e r i m e n t a l  data.  
The  hea t  of ox ida t ion  of the s t ee l  Qox = 5700 k J / k g .  

The m o d e l  space and time intervals were selected by comparing the results of simulating nonoxidative heating 
with the known analytic solution. An accuracy sufficient for practical calculations was obtained at A~- = 180 sec and 
l = 0.06 m. '  

As fo l lows  f r o m  Fig .  3a, the t e m p e r a t u r e  r e g i m e  with a l lowance  f o r  ox ida t ion  ( cu rves  3 and 4) d i f f e r s  s o m e w h a t  
f r o m  the c o r r e s p o n d i n g  nonox ida t ive  r e g i m e  ( cu rves  3'  and 4 ' ) .  At the s a m e  t ime ,  the ox ida t ion  p r o c e s s  does  not  
a f fec t  the t i m e  r e q u i r e d  to hea t  the  ingot  to a g iven  end s ta te .  The  s u r f a c e  t e m p e r a t u r e  of the s c a l e  ( cu rve  2) in the  
f ina l  s t a g e  of hea t ing  is  g r e a t e r  than the  f u r n a c e  t e m p e r a t u r e  owing to the r e l e a s e  of hea t  of oxida t ion ,  thanks to 
which  the  r a d i a t i v e  h e a t  f lux qfu (Fig.  3b, c u r v e  6) is  n e g a t i v e  du r ing  this  pe r iod .  A c o m p a r i s o n  of the total  hea t  
f lux qfu + qox ( c u r v e  5) and the  quant i ty  qfu po in t s  to the  c o n s i d e r a b l e  r o l e  of the hea t  of ox ida t ion  in the a b s o r p t i o n  
of hea t  by the  m e t a l .  The hea t  of ox ida t ion  c o r r e s p o n d s  a p p r o x i m a t e l y  to o n e - t h i r d  of the to ta l  hea t  a b s o r b e d  by the  
ingot.  

N O T A T I O N  

m 

t I is the t e m p e r a t u r e  of the  m e t a l ;  t 2 is the t e m p e r a t u r e  of sca le ;  T 2 is the  m e a n - m a s s  t e m p e r a t u r e  of the  
s ca l e ;  S i s  the ingot  r ad ius ;  r is the coo rd ina t e ;  ~- is  the  t ime;  6 is the  t h i cknes s  of the s c a l e  l aye r ;  a;,  X1, "h a r e  the 
t h e r m a l  d i f fus iv i ty ,  t h e r m a l  conduct iv i ty ,  and dens i ty  of the m e t a l ;  a2, X2, ")/2 a r e  the s a m e  f o r  the sca le ;  tfu is the 
f u r n a c e  t e m p e r a t u r e ;  c~ is the e x t e r n a l  h e a t - t r a n s f e r  coe f f i c i en t ;  qfu is the  s p e c i f i c  hea t  f lux f r o m  the  f u r n a c e  to the 
s c a l e  s u r f a c e ;  qox is  the  s p e c i f i c  ox ida t ion  hea t  flux; M is  the m a s s  of m e t a l  in the s c a l e  p e r  m 2 ; k0, B is a 
coe f f i c i en t  wh ich  depends  on the  o x i d i z i n g  c a p a c i t y  of the  f u r n a c e  g a s e s  and the p r o p e r t i e s  of the m e t a l ;  Qox is  the 
hea t  of ox ida t ion  p e r  kg of m e t a l ;  v and l a r e  s p a c e  i n t e r v a l s  ; AT is the t i m e  in t e rva l ;  R is the e l e c t r i c a l  r e s i s t a n c e  
b e t w e e n  nodes ;  R~- is  the t i m e  r e s i s t a n c e  ; V is  the e l e c t r i c  po ten t ia l .  
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