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On the basis of integral relationships for a boundary layer and on the 
basis of applying the hypothesis of the radiant-equilibrium layer in 
the vicinity of a heat-receiving wall, we have derived the theoretical 
relationships and have proposed a method of calculating the complex 
transfer of heat for the initial segment of a tube and beyond. 

R e f e r e n c e s  [ 1 - 4  and o the r s ]  a r e  devoted  to the p r o -  
b l e m  of convec t ive  hea t  t r a n s f e r  a t  the in i t i a l  s e g m e n t  
of a tube.  T h e r e  a r e  v e r y  few r e f e r e n c e s  [5, 6] d e a l -  

a f o r m u l a  for  p r a c t i c a l  ca l cu la t ions  of loca l  b o u n d a r y -  
l a y e r  t h i cknes s  va lues  in the fo rm of [4] 

• 0 . , 5  . (1) 
ro = ~  \ ro ] 

The  mean  b o u n d a r y - l a y e r  t h i ckness  6m in a s e g -  
men t  of f in i te  tube length  ( f rom Zl to z2) can be d e t e r -  
m i n e d  by  i n t e g r a t i o n  of  e x p r e s s i o n  (1) : 
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F ig .  1. E x p e r i m e n t a l  a p p a r a t u s :  1 ) b u r n e r ;  2) 
combus t ion  c h a m b e r ;  3) s ec t i ons  of a c a l o r i -  
m e t e r  (1, 2, 3); 4) t h e r m o c o u p l e  t o m e a s u r e  c o m -  
bus t ion  p roduc t  t e m p e r a t u r e ;  5 ) h y p e r t h e r m o -  
couple  to m e a s u r e  coo l ing  w a t e r  t e m p e r a t u r e ;  
6) t h e r m o c o u p l e s  to m e a s u r e  c a l o r i m e t e r  wal l  
t e m p e r a t u r e ;  7) e l e c t r i c  f u rnace  f o r h e a t i n g  a i r  
with a i r  in jec t ion ;  8) fan; 9)  p ipe l ine  for  s u p p l y -  
ing cool ing wa te r ;  10) d i sk  for  m e a s u r i n g w a t e r  
f low r a t e ;  11) gas  a n a l y z e r ;  12) p n e u m o m e t r i c  
p ipe  with a m i c r o m a n o m e t e r  for  m e a s u r i n g  w a t e r  

flow r a t e .  

ing with the p r o b l e m  of complex  h e a t  t r a n s f e r .  We 
p r e s e n t  the r e s u l t s  of a t h e o r e t i c a l  and e x p e r i m e n t a l  
i nves t i ga t i on  of comp lex  hea t  t r a n s f e r ,  conduc ted  on a 
t e s t  s t and  c o n s i s t i n g  of t h r e e  s e r i e s - c o n n e c t e d  c o o l -  
ing s e c t i o n s  1 and 2 m e t e r s  long,  each  with  an i n s ide  
d i a m e t e r  of 0.15 m (1/d < 24). 

The  t h e o r e t i c a l  s t udy  of  c o m p l e x  hea t  t r a n s f e r  was 
conduc ted  on the b a s i s  of i n t e g r a l  r e l a t i o n s h i p s  fo r  the  
b o u n d a r y  l a y e r  [7] and the u t i l i z a t i o n  of the  hypo the s i s  
of a r a d i a n t - e q u i l i b r i u m  l a y e r  c l o s e  to the  wal l  to 
which the flow of h e a t  i s  d i r e c t e d  [8]. 

F o r  the t u rbu len t  mot ion  of a f lu id  in a tube ,  i f  we 
a s s u m e  a v e l o c i t y  d i s t r i b u t i o n  

___w {jyVJ 7 
' 

and a h y d r a u l i c  r e s i s t a n c e  fo l lowing the B l a s i u s  law,  
the a p p r o x i m a t e  so lu t ion  for  the  equat ion  of the  con -  
s e r v a t i o n  of  m o m e n t u m  wi l l  m a k e  i t  p o s s i b l e  to d e r i v e  

[( z~12"2S_( zz12'25 ] 0.0667 
(~__._~m = L\'-~-O ) \ t o ~  J (2) 

ro Re~ ( z~ ro zz)  ro 

In examin ing  the n o n i s o t h e r m a l  mot ion  of a gas  
( P r  = 1) for  s m a l l  p r e s s u r e  g r a d i e n t s ,  the t h i c k n e s s e s  
of the h y d r a u l i c  and t h e r m a l  l a y e r s  m a y  be a s s u m e d  
to be  equal .  C o m p a r i s o n  of the equat ions  of mot ion  
and of  the  c o n s e r v a t i o n  of e n e r g y  under  t hese  cond i -  
t ions  r e v e a l s  that  the v e l o c i t y  and t e m p e r a t u r e  p r o -  
f i l es  a r e  s i m i l a r ,  i . e . ,  

w = T - - T w  (y_y_~i/7. (3) 
w~ T, - -  Tw 

F o r  s o m e  s e c t i o n  z f r o m  the equat ion of the con -  
s e r v a t i o n  of e n e r g y  we can d e r i v e  a r e l a t i o n s h i p  for  
the  m e a n  flow t e m p e r a t u r e  T m in the fo l lowing f o r m :  

(0 6 (l ----~o)(4.56Ts-b Tw) + T m = .295 

(4) 

The  to ta l  h e a t  f lux t r a n s m i t t e d  f r o m  the r a d i a t i n g  
m e d i u m  as  a r e s u l t  of complex  h e a t  t r a n s f e r  can be 
def ined  in th is  c a s e  as  

q --  (% + al)(Tin - -  Tw) = ~to(Tm - -Tw) .  (5) 

Using  the h y p o t h e s i s  of  the  r a d i a n t - e q u i l i b r i u m  l a -  
y e r  which i s  s e p a r a t e d  f r o m  the h e a t - r e c e i v i n g  wal l  
th rough  a d i s t a n c e / s '  we can p r e s e n t  the e x p r e s s i o n  
fo r  the  coe f f i c i en t  of r a d i a t i v e  hea t  exchange  in the for  m 

~4 ,p4 ,F4 ] 
if0 . . . .  m - -  - w  , (6)  

al = 1 1 Tm - -  T w 
Aw 2 

w h e r e  m = T s / T  m. 
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If we a s s u m e  that  the d i s t a n c e  I s is  s m a l l e r  than 
the t h i ckness  of the l a m i n a r  s u b l a y e r  61 (/s < 6t), and 
if the t e m p e r a t u r e  of the m e d i u m  in the s u b l a y e r  v a -  
r i e s  in p r o p o r t i o n  to the d i s t a n c e  f rom the wall ,  the 
coef f ic ien t  m m a y  be e x p r e s s e d  as  

r r t ~  
Tt _ Tww_ -4- T1 - -  Tw l s 

Tm Tm Tm 5~ (7) 

The  t e m p e r a t u r e  T l can be d e t e r m i n e d  f r o m  (3) un -  
d e r  the condi t ion tl~at y = 51, when T = TI:  

T~T1--Tw-- Tw (_~_)~/7 (8) 

Jo in t  c o n s i d e r a t i o n  of the v e l o c i t y  p r o f i l e  a t  the  
bounda ry  of the  l a m i n a r  s u b l a y e r  Wl/W s = (51/6) l j  and 
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Fig .  2. Func t ions  Nu : r  P r )  for  
s e p a r a t e  s e c t i o n s .  The  e x p e r i m e n t a l  
po in t s  p e r t a i n  to the e n t i r e  e x p e r i -  
men ta l  s e g m e n t  I / d  = 24: 1) s ec t i on  
1, RTu -- 0.0252 Re ~ P r ~  2 ) s e c t i o n  
2, Nu = 0.0207 Re ~ P r ~  3) s e c t i o n  

3, Nu = 0.0195 Re ~ 8 t>r0.4. 

I I 1 / i  
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of the e x p r e s s i o n  for  v e l o c i t y  w 1 = 0.0228p(W2s/p) x 
x (~/Ws6) ~  5 l ( f rom the r e l a t i o n s h i p  for  the  f o r c e  of 
f r i c t i o n  at  the  wal l  [7]) we can d e r i v e  a r e l a t i o n s h i p  
def in ing the t h i c k n e s s  of the  l a m i n a r  s u b l a y e r  

51 _ 82.5 (9) 

(mTm -- Tw) 
+ l ,  (Tin-- Tw) (12) 

The  s tudy conducted  on the e x p e r i m e n t a l  i n s t a l l a -  
t ion (Fig .  1) m a d e  i t  p o s s i b l e  to d e r i v e  t h e o r e t i c a l  r e -  
c o m m e n d a t i o n s  for  the d e t e r m i n a t i o n  of the to ta l  h e a t -  

m = 

0,6 
+ 1 4" 

n ~'1.---~ §  T--+ -:::-n,t "~Z-,~-*d--- + ~ 

t I I ~ I+''. + +_z...*-~.+~ 
2.5 ,7.0 35 Tm I T w 

F i g .  3. Dependence  for  m = m ( T m / T w ) .  

6.6 
l--m =0.44~- (Tm/Tw)4 

t r a n s f e r  coef f i c ien t .  The  p r o c e s s i n g  was a c c o m p l i s h e d  
with e x p e r i m e n t a l  da ta  for  which the d i v e r g e n c e  in the 
ba l a nc e  with r e s p e c t  to w a t e r  and gas  did  not exceed  
5%. The  convec t ive  h e a t - t r a n s f e r  coef f i c ien t  a c was 
def ined  (Fig .  2) f r o m  da ta  p e r t a i n i n g  to the p a s s a g e  of 
h e a t e d  a i r  th rough  the t e s t  s t and .  

In th is  s tudy  of c o m p l e x  hea t  t r a n s f e r  the  p r o d u c t s  
of gas  c ombus t i on  w e r e  l e t  into the s tand ,  the t e m p e r -  
a t u r e  of t he se  p r o d u c t s  v a r y i n g  f r o m  700 to 1250 ~ C, 
with the Re n u m b e r s  v a r y i n g  f r o m  12 000 to 35 000. 

The  to ta l  h e a t - t r a n s f e r  coef f i c ien t  a r c  was d e t e r -  
m i n e d  f rom e x p e r i m e n t a l  da ta  on the t r a n s f e r  of hea t  
be tween  the p r o d u c t s  of c ombus t i on  and the h e a t - r e -  
ce iv ing  wal l ,  a c c o r d i n g  to the r e l a t i o n s h i p  

Q (13) 

The  coef f i c ien t  ~ l  of r a d i a t i v e  hea t  exchange  was 
def ined  as  the d i f f e r e nc e  be tween  the to ta l  h e a t - t r a n s -  
f e r  coe f f i c i en t  C~to and the coef f i c ien t  ~c  of convec t ive  
hea t  t r a n s f e r .  

The  d i s t a n c e  l s  f r o m  the h e a t - r e c e i v i n g  wal l  to  the  
r a d i a n t - e q u i l i b r i u m  l a y e r  was d e t e r m i n e d  in a c c o r d -  
a n t e  with (10). The  t e m p e r a t u r e  T s beyond  the l i m i t s  
of the  b o u n d a r y  l a y e r  in th is  c a s e  was d e t e r m i n e d  

With c o n s i d e r a t i o n  of (8) and (9) e x p r e s s i o n  (7) wi l l  
make  i t  p o s s i b l e  to d e r i v e  a r e l a t i o n s h i p  for  the d e t e r -  

m i n a t i o n  of  l s ,  

d =0 ,0456  T ' - - T w  [~ '5t3/4  l-J- (10) 

T h e  c o n v e c t i v e  h e a t - t r a n s f e r  c o e f f i c i e n t  i s  d e f i n e d  

b y  m e a n s  o f  t h e  e x p r e s s i o n  

~t m T m - - T w  (11) 
a c =  l,  T m - - T w  

F r o m  (6) and (11) the to ta l  h e a t - t r a n s f e r  coe f f i c i en t  
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Fig .  4. Func t ion  for  C~to/C~ c = 
= r (Re) c o n s t r u c t e d  for  the s e -  
cond sec t ion  of the c a l o r i m e t e r .  
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+ 
f r o m  (4), whi le  for  a c e r t a i n  va lue  of oq the coe f f i c i en t  
m was d e t e r m i n e d  f r o m  (6). In f o r m u l a s  (10) and (4) 5 
was a s s u m e d  to be the mean  t h i c k n e s s  of the  b o u n d a r y  
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l a y e r  within the l i m i t s  of each  sec t ion ,  c a l cu l a t ed  
f rom (2). 

P r o c e s s i n g  of the e x p e r i m e n t a l  da ta  d e m o n s t r a t e d  
that  the coef f ic ien t  m for  the s t r u c t u r e  of the t e m p e r -  
a t u r e  l a y e r  is  independent  of the Re n u m b e r .  With a 
change  in the t e m p e r a t u r e  of the m e d i u m  within~ wide 
r a n g e  ( T m / T  w = 2 .5 -5 )  we d e r i v e d  a r e l a t i o n s h i p  fo r  
m (Fig .  3) which is  in s a t i s f a c t o r y  a g r e e m e n t  with the 
e x p e r i m e n t a l  da ta  of o t h e r  au thor s  [5]: 

6.6 
m---- 0.44 + (14) 

(rm/7~ )" 

F i g u r e  4 shows the e x p e r i m e n t a l  da ta  in the f o r m  
of the r e l a t i o n s h i p  C~to/C~ c = r With v a r y i n g  Re 
n u m b e r s  no cons t ancy  i s  o b s e r v e d  in the r a t i o  C~to/C~ c, 
but  r a t h e r  a t r e n d  t o w a r d  a r educ t ion  in this  r a t i o ,  e x -  
p l a ined  by the g r e a t  v a r i a t i o n  in the convec t ive  c o m p o -  
nents  r e l a t i v e  to the r a d i a t i v e  component  as  the h y d r o -  
d y n a m i c s  of  the flow is  changed.  

The  pos i t i on  of the r a d i a n t - e q u i l i b r i u m  l a y e r  l s i s  
d e t e r m i n e d  by  the h y d r o d y n a m i c s ,  compos i t ion ,  t e m -  
p e r a t u r e  of the m e d i u m ,  as  well  as  by  the length  of 
the i n i t i a l  s e g m e n t .  

The  e f ; ec t  of the h y d r o d y n a m i c s  is  a p r e d o m i n a n t  
f a c to r .  With i n c r e a s i n g  Re the d i s t a n c e  l s  f r o m  the 
wall  to the r a d i a n t - e q u i l i b r i u m  l a y e r  d i m i n i s h e s .  With 
cons tan t  Re t h e r e  is  an i n c r e a s e  in 1 s in p r o p o r t i o n  to 
the  length  of the in i t i a l  s e g m e n t  of the tube.  

To  s i m p l i f y  the  c a l c u l a t i o n  Eq. (10) can  be  a p p r o x i -  
m a t e d  on the b a s i s  of our  e x p e r i m e n t a l  da ta  by  the 
s i m p l e r  e x p r e s s i o n  

d Re ~ 
l, ~ 0.112 ~ .  (15) 

An eva lua t ion  of I s has  d e m o n s t r a t e d  that  i t  is  
s m a l l e r  than the t h i cknes s  of  the l a m i n a r  s u b l a y e r .  

Thus  the adopted  a s s u m p t i o n  that  l s < 51 r e f l e c t s  
the  p h y s i c a l  p a t t e r n  of hea t  t r a n s f e r  n e a r  the wal l .  

C o m p a r i s o n  of ~ c  and ~ t o '  d e r i v e d  f r o m  (11) and 
(12), with the e x p e r i m e n t a l  d a t a  has  d e m o n s t r a t e d  
that  the d i v e r g e n c e  be tween t h e s e  does  not exceed  10%. 

The  ca l cu l a t i on  of c o m p l e x  hea t  t r a n s f e r  in t u r b u -  
lent  mot ion  of a r a d i a t i n g  m e d i u m  at the in i t i a l  s e g -  
men t  of a tube can  be  a c c o m p l i s h e d  in the  fol lowing 
sequence .  

F o r  a c e r t a i n  m e a n  f low t e m p e r a t u r e  T m and fo r  a 
c e r t a i n  wal l  t e m p e r a t u r e  T w we can  d e t e r m i n e  the 
va lue  of the coe f f i c i en t  m f r o m  (14). The v a l u e s  of  the  
loca l  and m e a n  coef f i c i en t  ~1 of r a d i a t i v e  hea t  e x -  
change  a r e  c a l c u l a t e d  f r o m  (6). 

Us ing  (1) o r  (2}, (4), (10}, a n d ( l l } ,  we d e t e r m i n e  
the va lue  of  the  l o c a l  o r  m e a n  coe f f i c i en t  of convec t ive  
hea t  t r a n s f e r .  We f ind the magn i tude  of the to ta l  s p e -  

e i f ie  flow f rom (5). Ve r i f i ca t i on  of the va l id i ty  of the 
ca lcu la t ion  can be a c c o m p l i s h e d  with r e s p e c t  to T w- 

If we a s s u m e  that  6/ro -- 1, the p r o p o s e d  me thod  
m a y  be used  to ca l cu l a t e  complex  hea t  t r a n s f e r  beyond 
the l i m i t s  of the in i t i a l  s egmen t .  

NOTATION 

Here  l is  the length of the in i t i a l  sec t ion;  d and r0 a r e  
the d i a m e t e r  and r a d i u s  of the tube; z is  the coord ina t e  
in the d i r e c t i o n  of m e d i u m  motion;  y is  the c o o r d i -  
na te  ove r  the tube sec t ion ;  ~ and 5 m a r e  loca l  a n d m e a n  
t h i c k n e s s e s  of the h y d r o d y n a m i c  boundary  l a y e r ;  51 i s  
the th i ckness  of the l a m i n a r  s u b l a y e r ;  w is  the ve loc i ty  
wi th in  the boundary  l a y e r ;  w s is the ve loc i ty  in the undi s -  
t u r b e d p a r t o f t h e f l o w ;  Re is the Reynolds  number ;  T 
is  the mean  t e m p e r a t u r e  within the bounda ry  l a y e r ;  T s 
is  the m e d i u m  t e m p e r a t u r e  in the u n d i s t u r b e d  pa r t  of the 
f low; T w is  the  tube wal l  t e m p e r a t u r e ;  T m is the mean  
t e m p e r a t u r e  of m e d i u m  flow; c~ c is  the c o n v e c t i v e h e a t  
t r a n s f e r  coeff ic ient ;  c~ 1 is  the r a d i a n t  hea t  t r a n s f e r  
coef f ic ien t ;  ~ to  is  the to ta l  hea t  t r a n s f e r  coef f ic ien t ;  
l s  is  the d i s t ance  f rom a wal l  to a r a d i a n t - e q u i l i b r i u m  
l a y e r ;  G0 is  the Bo l t zmann  cons tant ;  A w is the a b s o r p -  
t i v i ty  of a wal l ;  T 6 i s  the mean  t e m p e r a t u r e  of the  r a -  
d iant  e q u i l i b r i u m  l a y e r ;  m = T j / T  m is  the r a t i o  of the 
r a d i a n t - e q u i l i b r i u m  l a y e r  t e m p e r a t u r e  T 5 to the mean  
m e d i u m  t e m p e r a t u r e  Tm;  T 1 is  the t e m p e r a t u r e  at the 
bounda ry  be tween  the l a m i n a r  s u b l a y e r  and the tu rbu len t  
c o r e  of the med ium,  v i s  the k inema t i c  v i s c o s i t y ;  k is  
the  t h e r m a l  conduc t iv i ty  of  the  m e d i u m  a t  the  m e a n  
t e m p e r a t u r e  of the bounda ry  l a y e r ;  Q is  the to ta l  quan-  
t i t y  of hea t  in s e p a r a t e  s e c t i o n s  of the in i t i a l  s egmen t .  
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