
CALCULATING THE CONVECTION-RADIATION 

HEATING OF MASSIVE BODIES 

Y u .  V .  V i d i n  UDC 536.3:536.25 

We present an iteration method for the calculation of the limit temperature field in ther- 
really massive bodies heated simultaneously by convection and radiation. 

The process of heating solid materials to which heat is directed simultaneously by convection and 
radiation is described, given a number of simplifying conditions, by the equations 
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Here  p = B i / S k  -> 0.  

P r o b l e m  (1)-(4) is c l a s s i f i ed  as non l inea r .  

When the heated item is thermally massive, it is comparatively easy to calculate the upper limit 
of the sought temperature field 0(~, Fo). In this case, the divergence between the boundary temperature 
01im(~, Fo) and the actual temperature 0(~, Fo)for any values of the space coordinate (~) and the time co- 
ordinate (Fo) is quite small and suitable for engineering calculations. 

To find 01im(~, Fo) we use the method of successive approximations. As the first approximation 
we can use the solution of the equations 

a0 i (% Fo) a20i (% Fo) F - -  1 001 (% Fo) 
OFo Oxp ~ § ~ O~ (5) 

00 t (0, Fo) _ 0, (6) 
0~ 

00t(I, Fo) _ Bit .rl - -0t (1  , Fo)], (7) 
0 ,  

01 (% O) = Oo, ~ 8) 

where  Bi 1 = Sk(p + 4) = eons t .  

It is obvious  that  because  we have the re la t ionsh ip  

Bi I > Sk[p + 1 + 0 (1, Fo) q- 02 (1, Fo) -[- 0 a(1, Fo)] 

(the s ign "=" p e r t a i n s  e xc l u s i ve l y  to the case  in which Fo ~ oo) the fol lowing condi t ion will  be sa t i s f ied :  
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T A B L E  1. V a r i a t i o n  in T e m p e r a t u r e  a t  the C e n t e r  and  a t  the S u r -  
f ace  of an Unbounded  P l a t e  (Sk = 2.0; Bi = 0; 0 = 0.2; F = 1) 

0 (0, Fo) 0 (1 Fo) 
Fo according to,lby the iter- ~, % tccording to by the iter- 

the data [2] ationmethod ~he data[2] ationmethod 

0,1 0,2146 0,2198 2,42 0,7548 0,7810 
0,2 0,3012 0,3191 5,94 0,8391 0,8512 
0,3 0,4087 0,4315 5,58 0,8774 0,8855 
0,4 0,5070 0,5301 4,56 0,9026 0,9092 
0,5 0,5910 0,6131 3,74 0,9215 0,9267 
0,6 0,6614 0,6817 3,07 0,9364 0,9407 
0,7 0,7201 0,7384 2,54 0,9483 0,9519 
0,8 0,7689 0,7851 2,11 0,9579 0,9610 
0,9 0,8093 0,8235 1,75 0,9656 0,9682 
1,0 0,8428 0,8550 1,45 0,9719 0,9741 

0,% 

3,47 
1,42 
0,92 
0,73 
0,56 
0,46 
0,38 
0,32 
0,27 
0,23 

0i (% VO) > 0 (% Fo), 

H e r e  the s ign  "=" is  v a l i d  only  f o r  the i n s t an t  of t ime  Fo = 0 and fo r  Fo  ~ oo 

C o n s e q u e n t l y ,  the t e m p e r a t u r e  01(r Fo)  can  be t r e a t e d  a s  a l i m i t  va lue  wi th  r e s p e c t  to 0(r Fo) .  

H o w e v e r ,  i t  i s  p o s s i b l e  to a p p r o x i m a t e  0($, Fo) m o r e  c l o s e l y  f r o m  a b o v e .  L e t  us a s s u m e  that  we a r e  
r e q u i r e d  to f ind the change  in t e m p e r a t u r e  t h rough  the c r o s s  s e c t i o n  of a body fo r  a c e r t a i n  i n s t an t  of  t i m e  
F o  = F o * .  We can  then f ind  a c l o s e r  va lue  than  01($, Fo*) fo r  the t e m p e r a t u r e ,  if  we so lve  (1) u n d e r  c o n d i -  
t ions  (2) and  (4), wi th  t h e  fo l lowing  b o u n d a r y  c ond i t i ons  a t  the s u r f a c e  ($ = 1): 

00z(1 , Fo) . Bi2[ 1 __02(1, Fo)], a, (9) 

w h e r e  
Bi 2 = Skip + l  + 0~(1, Fo*) + 0~(1, Fo*) + 0](1, Fo*)] = const. 

It i s  p r o b a b l e  tha t  we can  c o m p i l e  an i ne qua l i t y  of  the f o r m  

0 i (% Fo*) > 02 (% Fo*) > 0 (% Fo*) (Fo =~ 0; oo), 

s i n c e  we s a t i s f y  the c o n d i t i o n  

B i t > B i 2 > S k [  p + 1 + 0(1, Fo*) + 02(1, Fo*) + 03(1, Fo*)]. 

The s u b s e q u e n t  i t e r a t i o n s  can  be c a l c u l a t e d  in a n a l o g o u s  f a s h i o n .  A s  a r u l e ,  i t  i s  enough to l i m i t  
o u r s e l v e s  to the t h i r d  a p p r o x i m a t i o n ,  b e c a u s e  h i g h e r - o r d e r  a p p r o x i m a t i o n s  y i e l d  but i n s i g n i f i c a n t  r e f i n e -  
m e n t s .  

It shou ld  be no ted  that  in e a c h  a p p r o x i m a t i o n  s t ep  i t  i s  n e c e s s a r y  to i n t e g r a t e  the s y s t e m  of  E q s .  
(1)-(2) and (4) fo r  the l i n e a r  b o u n d a r y  cond i t i on  

00~(1, Fo) 
= Bi~[1- -0 j (1 ,  Fo)l, 1 = 1 ,  2, . . . ,  (10) 

a, 

w h e r e  Bi j  is  a c o n s t a n t  wh ich  e n a b l e s  us  to u se  r i g o r o u s  a n a l y t i c a l  s o l u t i o n s  [1]. 

In a d d i t i o n ,  the l i m i t  va lue  f o r  the t e m p e r a t u r e  0($, Fo)  can  be a p p r o a c h e d  f r o m  "be low,"  if  a s  the 
f i r s t  a p p r o x i m a t i o n  we take  

Bi l = S k ( p + l  + 0  0+002+0~). 

The o u t s t a n d i n g  f e a t u r e  of  th i s  m e t h o d  l i e s  in the fac t  that  i t  m a k e s  i t  p o s s i b l e ,  r a t h e r  s i m p l y ,  to 
e s t a b l i s h  the p o s s i b l e  m a x i m u m  c a l c u l a t i o n  e r r o r .  Thus ,  i f  F = 1, Sk(1 + p) = 2.0, p = 0, and 00 = 0.2, a s  
d e m o n s t r a t e d  by c a l c u l a t i o n s  (Table  1) e x e c u t e d  by a f i n i t e - d i f f e r e n c e  m e t h o d ,  the e r r o r  in the d e t e r m i n a -  
t ion  of the t e m p e r a t u r e  e x h i b i t s  i t s  g r e a t e s t  va lue  a t  the i n i t i a l  i n s t an t  of t ime  f o r  the t h e r m a l  c e n t e r  of the 
i t e m  and  i t  does  not  e x c e e d  6%. F o r  the s u r f a c e  of the body the o v e r s t a t e m e n t  i s  r e l a t i v e l y  s m a l l e r  and 
a m o u n t s  a p p r o x i m a t e l y  to 3.5%. Tab le  1 g i v e s  the r e s u l t s  of  the t h i r d  i t e r a t i o n .  Wi th  an  i n c r e a s e  in the 
Fo  n u m b e r  the d i v e r g e n c e  r a p i d l y  d i m i n i s h e s .  The p r e s e n c e  of a c o n v e c t i o n  h e a t  f low (p > 0) l e a d s  to a 
r e d u c t i o n  in the  d i f f e r e n c e  b e t w e e n  the l i m i t  t e m p e r a t u r e  f i e ld  and the a c t u a l  f i e l d ,  and  th is  is  a l l  the m o r e  
p r o n o u n c e d ,  the g r e a t e r  the m a g n i t u d e  of the c o e f f i c i e n t  p .  
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The a c c u r a c y  of the m e t h o d  is  a l s o  r a i s e d  by i n c r e a s i n g  the c o m p l e x  Sk(1 + p)(Sk(1 + p) > 2) and the 
i n i t i a l  r e l a t i v e  t e m p e r a t u r e  0 0 of the  body .  

A l l  o t h e r  cond i t i ons  be ing  e q u a l ,  the a c c u r a c y  of d e t e r m i n a t i o n  fo r  the t e m p e r a t u r e  f i e ld  in the c a s e  
of a s p h e r e  and a c y l i n d e r  i s  g r e a t e r  than in the c a s e  of a p l a t e .  

0 = T / T  m 
T(@, Fo) 

Tm 
= r/R 

R 

Fo - aT/R 2 

Bi = aR/k 
Sk = ffaT3mR/k 
X a n d a  

tY a 

T 

Y 

NOTATION 

is the relative temperature; 
is the temperature of the body, ~ 
is the temperature of the medium, ~ 
is the relative coordinate; 
is the characteristic dimension of the body (for the plate it is half its thickness, and for 
the cylinder and sphere it is the radius), m; 
is the Fourier number; 
is the Blot number; 
is the Stark number; 

are, respectively, the coefficients of thermal conductivity and thermal diffusivity, W 
/m .deg and m2/h; 

is the heat-transfer coefficient, W/m 2 �9 deg; 
is the apparent heat-transfer coefficient for radiation, W/m 2 (~ 
is the time, h; 

is the shape factor for the body, equal to 1 for a plate, equal to 2 for a cylinder, and 
equal to 3 for a sphere. 

i. 

2. 
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