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HEATING LONG OBJECTS IN THROUGH CONTACT INSTALLATIONS 
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UDC 532.5 

A method is suggested for estimating the electrical and thermal pa- 
rameters in electrocontact installations. Calculated and experimen- 
tal values for heating a Steel strip are compared. 

The method of hea t ing  m e t a l  p a r t s  by p a s s i n g  an 
e l e c t r i c  c u r r e n t  th rough  t h e m  i s  in w i d e s p r e a d  i n d u s -  
t r i a l  u se  [ i ] .  B e s i d e s  equipment  w h e r e  the  ob jec t  b e -  
ing hea ted  i s  c l a m p e d  in f ixed con tac t s ,  one f r equen t -  
ly  m e e t s  i n s t a l l a t i o n s  in which a long ob jec t  i s  con t in -  
uous ly  and u n i f o r m l y  moved o v e r  c u r r e n t - c a r r y i n g  
r o i l s  (or l iquid con tac t s )  and i s  b rought  to the  r e -  
qu i r ed  t e m p e r a t u r e  o v e r  the  s ec t ion  be tween  t h e m  
(see  d i a g r a m ) .  
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Schemat ic o f  a th rough contact  system. 

This  type  of  a p p a r a t u s  i s  used  fo r  w i r e  o r  s t ee l  
s t r i p ,  but  can  a l so  be used  fo r  h e a t - t r e a t i n g  p ipe  p r o -  
duced in cont inuous  ro l l i ng  m i l l s .  

Ex i s t ing  me thods  of c a l c u l a t i n g  e l e c t r i c a l  and t h e r -  
m a l  p a r a m e t e r s  a r e  b a s e d  on v e r y  cond i t iona l  a s s u m p -  
t i ons  which e i t h e r  app ly  to s p e c i a l i z e d  hea t ing  r e -  
q u i r e m e n t s  [2, 3] o r  make  use  of e l e m e n t a r y  e n g i n e e r -  
ing conc lus ions  [4] that  do not m e e t  the  p r a c t i c a l  r e -  
q u i r e m e n t s  of p r e c i s i o n  hea t ing  and a r e  inadequa te  
fo r  l a r g e - s c a l e  m a c h i n e s  dea l ing  with  a wide v a r i e t y  
of m a t e r i a l s .  

We sugges t  a method,  based  on so lv ing  the hea t  
ba l ance  equat ion,  which wi l l  g ive  m o r e  a c c u r a t e  v a l -  
ue s  fo r  the  b a s i c  t h e r m a l  p a r a m e t e r s .  

The d i a g r a m  shows s c h e m a t i c a l l y  an ob jec t  1, m o v -  
ing th rough  c u r r e n t - c a r r y i n g  r o l l s  2 at  a v e l o c i t y  v = 
= l/'r k in a h e a t - i n s u l a t e d  muff le  fu rnace  3 with wal l  
t e m p e r a t u r e  T w. P o w e r  U is  d e l i v e r e d  f r o m  a t r a n s -  
f o r m e r  4 to the  r o l l s .  A c u r r e n t  i p a s s e s  th rough  the 
s ec t ion  of the ob jec t  be ing  hea ted  l .  Th is  r a i s e s  the  
t e m p e r a t u r e  f r o m  T 1 to T 2. 

We igno re  hea t  l o s s e s  in the  con tac t s  and c o n s i d e r  
the  amount  of hea t  in the s ec t ion  dl p e r  uni t  t i m e  fo r  
an  ob jec t  with a cons t an t  c r o s s - s e c t i o n a l  a r e a  S and 
p e r i m e t e r  p, made  of m a t e r i a l  whose  dens i ty  i s  7, 

r e s i s t i v i t y  p = a + bt [5, 6], a v e r a g e  hea t  c a p a c i t y  c 
and a p p a r e n t  r ad i a t i on  coef f ic ien t  a B [5]. 

The hea t  ba lance  equat ion in th i s  i n s t ance  i s  

dl 
I'2p - ~  = c y S v d T  + % ( T  ~ -- Tw)pdl. (1) 

After the substitution 

a + bt = (a --  273b) + bT 

and a series of transformations 

d K -  

we obta in  

% T~ 12b S 
d% Q R = - - ,  

3 cy R p2% Tw R p 

dO 
dK = 1 + g20,~ + ~20--04 " (2) 

To find the q u a d r a t u r e  of  (2), the po lynomia l  in the 
d e n o m i n a t o r  i s  d e c o m p o s e d  into two quad ra t i c  t r i n o -  
m i a l s  by so lv ing  a cubic  equat ion t o r  the  a u x i l i a r y  p a -  
r a m e t e r  ~ [7]: 

Q2 . / r  ~4- 

~o= ~ + V  - ~ +  
(~2 2 . f  ~ 

+ + 

27 + 

(1+ t2OA) 3 ):/a 
27 . (3) 

Then, for  a t e m p e r a t u r e  i n c r e a s e  f r o m  T 1 to T 2 
in t i m e  r K = vl  e x p r e s s i o n  (2) in i n t e g r a l  f r o m  i s  w r i t -  
t en  

T K 02 

K I = - - J  1 [~176176176176  X 
0 el 

X [0~ + V ~ 0 0  + (% § fl/2 V~0) l} - I  d O. (4) 

One of the  so lu t ions  of  i n t e g r a l  (4) which i s  c o r r e c t  
fo r  the  m a j o r i t y  of m e t a l s  and which is  s a t i s f i e d  unde r  
the  condi t ion  

2 % - -  2~/V~% < 0; 2% + 2 f l / 1 / ~  o > o, (5) 

is  w r i t t e n  in the fol lowing fo rm:  

~K 

K I = 
0 

_ - - h  1 In - - g O  + g ~ / 2  - -  (6) 
g4 _]_ 2h 2 0 2 -[- g O + g2/2 + h 
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g~ - -  2h 20 -+- g 
U g  2 + 4h Xarc[g  Vg,_~_ 4h 

g~-~2h I n [  2 0 - - g - - g 4 h ~ - - - g ~  ] )  
2 V4h- -g  ~ 2 0 - - g 4 -  V 4 h - ~ - g  ~ 

w h e r e  e : = 

The  l a s t  e x p r e s s i o n  (6) 

(6) 
' (eontd) 

= h (o, 9, o~) 

m a k e s  i t  p o s s i b l e  to  e s t a b l i s h  a c o n n e c t i o n  b e t w e e n  
t h e  h e a t i n g  t i m e  z K o r  t he  r a t e  of  d i s p l a c e m e n t  v,  f o r  
a g i v e n  d i s t a n c e  l b e t w e e n  r o l l s ,  and the  h e a t i n g  t e m -  
p e r a t u r e ,  t h e  c u r r e n t  I, and  t h e  e l e c t r i c a l  p r o p e r t i e s  
of  t he  m a t e r i a l .  

E l e c t r i c a l  r e s i s t a n c e  of  t he  h e a t e d  s e c t i o n  i s  

r =Pavl/S, 

w h e r e  Pav i s  t he  m e a n  r e s i s t i v i t y  o v e r  s e c t i o n  l, w h i c h  

i s  e s t i m a t e d  as  

l , T g 

0 0 

(7) 

F r o m  e x p r e s s i o n  (2) we  ob ta in  

d'c 1 dO 

which ,  t o g e t h e r  w i th  t h e  known a p p r o x i m a t i o n  , p = 
= a + bt = b T w ( |  + 0), a f t e r  s u b s t i t u t i o n  in (7), g i v e s  

KIz=~ K H = (Ca -~- 0) 1 + ~0~ -~- 90 - -  0 ~ ' 
O~ 

(8) 

To e s t i m a t e  how c l o s e l y  the  e l e c t r i c a l  and t h e r m a l  
p a r a m e t e r s  found by u s i n g  the  m e t h o d  ou t l ined  a p p r o x -  
i m a t e  to t h e  a c t u a l  v a l u e s ,  we  s h a l l  c h e c k  t h e  c a s e  d e -  
s c r i b e d  in [3] f o r  s t e e l  s t r i p  w i th  a c a r b o n  c o n t e n t  of  
o. 11%. 

I n i t i a l  da t a .  D i m e n s i o n s  of  s t r i p  80 x 8 r a m ;  d i s -  
t a n c e  b e t w e e n  r o l l s  l = 1 m ;  end t e m p e r a t u r e  of  s t r i p  
T 2 = 1073 ~ K;  r a t e  of  d i s p l a c e m e n t  v = 0. 037 m / s e c ,  
w h i c h  f o r  l = 1 m c o r r e s p o n d s  to  ~'K = 1 / 0 .  037 = 27 
s e c ;  v o l t a g e  a p p l i e d  to r o l l s  U = 12 .5  V; v o l t a g e  l o s s -  
e s  f o r  co ld  r o i l s  (T = 373 ~ K) U c r  = 0 . 6  V; f o r  ho t  
r o l l s  (T = 1073 ~ K) U h r  = 2 . 8  V; c u r r e n t  I = 12 000 A.  
We t a k e  the  i n i t i a l  s t r i p  t e m p e r a t u r e  T 1 = 293 ~ K; t e m -  
p e r a t u r e  of  s u r r o u n d i n g  m e d i u m  T w = 293 ~ K and t h e  
f o l l o w i n g  t h e r m o p h y s i c a I  p r o p e r t i e s  o f  t h e  s t e e l  [6]: 
C = 565 J / k g  �9 deg ;  T = 75.5 x 10 ~ N / m 3 ;  p = 9 ' 10 -3 + 
+ 0.12 �9 10 -3 t = o h m  �9 m ;  o" B = 5.53 �9 10 -3 J / m  2 �9 s e c  • 
x deg  4, w h i c h  i s  o b t a i n e d  by a v e r a g i n g  and a p p r o x i m a -  

t i o n  in  t he  g i v e n  t e m p e r a t u r e  r a n g e .  T h e  v a l u e  of  ZB 

i s  g i v e n  in  [3]. 
We now m a k e  o u r  c a l c u l a t i o n s .  
C u r r e n t  c r i t e r i o n :  

Pb 120002 �9 0~ 12.10 -s  
= - -  ~1110.  

3 p2% Tw R 0.176~.5.53 . 10-s.293~.3.63.10-3 

C r i t e r i o n  c h a r a c t e r i z i n g  r e s i s t i v i t y :  

0 a =  ~w ~ 0.12.10 -8 

T h e  a u x i l i a r y  p a r a m e t e r  

a o = 58.8 

i s  c a l c u l a t e d  f r o m  f o r m u l a  (3). 
The  q u a n t i t i e s  0~ = I, 02 = 3.66, g =  10.85, h = 51.1 

a r e  d e t e r m i n e d  f r o m  the  f o r m u l a s  g i v e n  in  t h i s  p a p e r .  

C h e c k  f o r  c o n d i t i o n s  (5): 

273)= 067  

w h e r e  tt = P a v / b T w .  
In t he  s a m e  w a y  a s  we  c a l c u l a t e d  t h e  i n t e g r a l  of  

e x p r e s s i o n  (2), g i v e n  c o n d i t i o n s  (5), we  ge t  f o r  e x -  

p r e s s i o n  (8) 

_ 1 (gO - -h  [ 0 2 - - g O + g V 2 - - h ]  

~- g (g2 + h) --  O~ (g2 _ 2h) arctg - 20 + g 
]fig2 +4h ]/g~§ 4h (9) 

-- g (g~ --2h)1/4 ~Z-+ O~ (g~g. + 2h) In [ 

2% --2f211/~oo = - -  86 < 0, 2% § 2~Ql~r2-%o = 322 > 0 .  

The t ime c r i t e r i o n  is ca lcula ted  f r o m  fo rmula  (6): 

f o r  0 = 0 2  K 2 : - - 1 . 1 2 " 1 0  -~, 

f o r  0 = 0 ~  K ~ = - - 3 . 4 2 ' 1 0  -3. 

T h e n  KI~=% =- K2 - -  K~ - ( - -  1.12 + 3.42). 10-3 = 2.3.10 -3. 

H e a t i n g  t i m e  

c~R 
9 ,8~  T~ 

565.75.5.10 a . 3,63.10 -3 �9 2.3,10 -a 
= = 26 s e c ,  (10) 

9.8.5.53.10 -s .  2933 

The  e x p r e s s i o n  KH=f2(0 ,  9, Oa) e n a b l e s  us  to  e s -  
t a b l i s h  t he  d e p e n d e n c e  o f  t h e  m e a n  r e s i s t i v i t y  on t h e  

q u a n t i t i e s  c o n n e c t e d  b y  r e l a t i o n  (6). 
S ince  e x p r e s s i o n s  (6) and (9) a r e  g i v e n  in  the  f o r m  

of  d i m e n s i o n l e s s  q u a n t i t i e s ,  t h e y  c a n  be  used ,  a f t e r  

c o n v e r s i o n  to  n o m o g r a m  f o r m ,  f o r  r a p i d  c a l c u l a t i o n  
o f  t h e  p a r a m e t e r s  u n d e r  p r a c t i c a l  o p e r a t i o n a l  c o n d i -  

t i o n s .  

~K o b t a i n e d  by c a l c u l a t i o n  d i f f e r s  f r o m  t h e  a c t u a l  v a l -  

ue  by 27--2____~6 > 100 = 3.7 %. 
27 

The  p r o d u c t  KH i s  d e t e r m i n e d  f r o m  f o r m u l a  (9): 

f o r  0 = 0 ~  ( K H ) , =  631 .10  -3 , 

f o r  0 = 0 1  ( K H h = 3 . 4 7 ' 1 0  -3 . 
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Then 

K!==-~,, H = (KH)o. --(KH), = (6.31--3.47). 10-3= 2.84.10 -:~, 

Kti I 2.84.10 -:~ 
H . . . .  ~ 1.235. 

K I~-~K 2.3.10 -~ 

The mean  r e s i s t i v i t y  

Pay = H b T  w - -  1.235.0.12.10-8.293~43.5.10 --s ohm �9 m. 

The r e s i s t a n c e  of heated sect ion 

The sma l l  ca lcu la t ion  e r r o r s  make it poss ib le  to 
r e c omme nd  fo rmulas  (6), (9), (10)-(12) for p rac t i ca l  
ca lcu la t ions  of the e l ec t r i ca l  and t he r ma l  p a r a m e t e r s  
with this  type of heat ing.  The method outl ined can be 
used for any type of m a t e r i a l .  

All the p a r a m e t e r s  c h a r a c t e r i z i n g  the hea t ing  p roc -  
ess  under  examina t ion  a re  given as  c r i t e r i a l  r e l a t i ons .  
This  makes  it  poss ib le  to cons t ruc t  n o m o g r a m s  f rom 
re la t ions  (6) and (9). These  n o m o g r a m s  s impl i fy  any 
n e c e s s a r y  ca lcula t ion  of the p a r a m e t e r s  for a pa r t i cu -  
l a r  heat ing p r o c e s s .  

r = p a v l / S  =43.5.10 -g. 1/640.10-6=0.68 �9 10 -3 ohm. 

The power de l ive red  to the heated sect ion l i s  c a l -  
culated f rom the fo rmula  

NOTATION 

K-time criterion; .q-current criterion; R- characteristic dimen- 
sion; 0 A- criterion characterizing resistivity; H-resistance criterion. 

W _ 9. H Qin' (11) 

where  Qin = aBT4wP 1 = 5.53 �9 10 -8 �9 2934 �9 0.176 �9 1 = 
= 7 2 . 5 W ,  W = l l l 0  . 1 . 2 3 5  �9 7 2 . 5 = 1 0 0 k W .  

The voltage applied to the hea t ing  sect ion is  

UI = ~ z ~  _ 1/100.10~.068 �9 1() -~ = 8.25 V. 

The total  ca lcu la ted  vol tage applied to the ro l l s  is  

U = b'L -~ Ucr + Uhr =8 .25+0.6+2 .8  - 11.65 V, 

which v a r i e s  f rom the actual  value (allowing for e r r o r s  
in ca lcu la t ions  and m e a s u r e m e n t s )  by ( 1 1 . 6 5 - 1 2 . 5 ) /  
/ 1 2 . 5  �9 100 = 6.8%. 

The t h e r m a l  eff ic iency of the p r o c e s s  in the heat -  
ing sect ion is  

q := A0/KH o., (12) 

wh e r e 
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