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Results are presented of an investigation of heat transfer in a tongi- 
tudinaI flow of air over a staggered robe bundle with s/d = 1.2 and 
with heating and coding in the rar-~ge Re = 2 �9 10a-.10 s. 

Heat  t r a n s f e r  in longi tud ina l  flow ove r  c l o s e - p a c k e d  
s t a g g e r e d  tube bundles  has  been  i n v e s t i g a t e d  in [1] 
and [3] with s / d  = 1.2 in [21 with s / d  = 1.22, and in 
[4] with s / d  = 1.19. In m o s t  of these  p a p e r s  hea t  
t r a n s f e r  on the bundle  was d e t e r m i n e d  f rom m e a s u r e -  
men t  of the t e m p e r a t u r e  of one tube wall ,  u s u a l l y  the 
c en t r a l  one.  At  the s a m e  t ime ,  a subs t an t i a l  non-  
u n i f o r m i t y  of wal l  t e m p e r a t u r e  of the v a r i o u s  tubes  
was  o b s e r v e d  in [5, 6] in  ind iv idua l  t r a n s v e r s e  
s e c t i o n s  of the bundle .  

The p r e s e n t  p a p e r  i s  devoted  to an i nves t i ga t i on  
of hea t  t r a n s f e r  in longi tud ina l  flow o v e r  s t a g g e r e d  
tube bundles  with r e l a t i v e  p i tch  s / d  = 1:2, w i th  hea ted  
( e x p e r i m e n t a l  s ec t i on  No. 1) and cooled  ( e x p e r i m e n t a l  
s e c t i o n  no. 2) a i r ,  the a v e r a g e  hea t  t r a n s f e r  fo r  a l l  
tubes  of the bundle  be ing  d e t e r m i n e d  in  the h e a t e r .  

Sect ion no.  1 (F ig .  1) c o n s i s t e d  of 19 tubes  of 
d i a m e t e r  11 • 0 .01 m m  and wal l  t h i ckness  0.65 a= 
• 0.01 ram, he ld  t oge the r  in a bundle  bY m e a n s  of two 
b r a s s  p l a t e s ,  the d i s t a n c e  be tween  which was 1.5 m.  
The d i s t a n c e  of the o u t e r m o s t  tubes f r o m  the hexa -  
gonal  hous ing  was 1 3 2  r am.  Hea t ing  of the a i r  was  
a c c o m p l i s h e d  d i r e c t l y  by  p a s s i n g  a l t e r n a t i n g  e l e -  
c t r i c  c u r r e n t  through the tube bundle .  To c o m p e n s a t e  
fo r  d i f f e r ence  in t h e r m a l  expans ion  of the tubes  and 

the housing,  t he re  was  p r o v i s i o n  fo r  f r e e  m o v e m e n t  
of the tubes  r e l a t i v e  to the uppe r  tube p l a t e .  The 
m a x i m u m  nonun i fo rmi ty  of hea t  ge ne ra t i on  along the 
tubes did not  exceed  1.5 to 2%~ 

The hea t  t r a n s f e r  coe f f i c i en t s  w e r e  m e a s u r e d  in 
a s ec t ion  of length I = 800 m m  ( / / d e  ~ 130), p r e v -  
i o u s l y  found to have s t a b i l i z e d  longi tud ina l  f low. The 
h e a t e r  tube wal l  t e m p e r a t u r e  was  m e a s u r e d  in a l l  
19 tubes  of the bundle,  a t  the beginning,  midd le ,  and 
end of the e x p e r i m e n t a l  s ec t i on .  T h e r m o c o u p l e s  
( c h r o m e l - k o p e l )  made  f r o m  w i r e  of 0.2 m m  d i a m e t e r  
w e r e  a t t ached  d i r e c t l y  to the tube wa l l s  by a r g o n -  
a r c  weld ing .  The t h e r m o e l e c t r o d e s  of the t h e r m o -  
couples  w e r e  i n t roduc e d  into the tubes through the 
ends of the h e a t e r .  

The amount  of hea t  g e n e r a t e d  in the e x p e r i m e n t a l  
s e c t i on  was  d e t e r m i n e d  f r o m  the change in hea t  con-  
tent  of the air~ This  d i s a g r e e d  with  the m e a s u r e d  
e l e c t r i c a l  power  by 5-10%.  

The e x p e r i m e n t a l  c o o l e r  ( sec t ion  no.  2) i s  of 
s i m i l a r  c ons t ruc t i on  to the h e a t e r ;  t he re  i s  c o u n t e r -  
flow of cool ing  w a t e r  i n s ide  the tubes ;  the t h e r m o -  
couples  for  m e a s u r i n g  the tube wal l  t e m p e r a t u r e s  
a r e  pos i t i one d  ou t s ide  the tubes,  and a r e  led  in 
through a j o in t  in fi~e hous ing .  

To m e a s u r e  the t e m p e r a t u r e  of the s t r e a m  in 
the i n t e r t ube  s p a c e  of the coo le r ,  a m o v e a b l e  long i -  
tt tdinal t h e r m o c o u p l e  was loca t ed  along the axis  of 
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Fig.  1. E x p e r i m e n t a l  h e a t e r :  1) tube; 2) upper  tube p la te ;  3) Rower tube pla te ;  4) c u r r e n t  
b u s b a r s ;  5) in le t  f i t t ing;  6) out le t  f i t t ing;  7) housing;  8) p r e s s u r e  f lange;  9) p r e s s u r e  

cover ;  10) g l a s s - t e x t o l i t e  ga ske t  for  insu la t ing  the t h e r m o e o u p l e  t h e r m o e l e c t r o d e s o  
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the c e n t r a l  e l e m e n t ;  the ho t  t h e r m o c o u p l e  junct ion  
was p roduced  by bu t t -we ld ing  the c h r o m e l  and kopel  
w i r e s .  
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F i g .  2. Heat  t r a n s f e r  coe f -  
f i c i en t s  with hea ted  a i r :  1) 
mean  hea t  t r a n s f e r  fo r  the 
19 tubes of the bundle ;  2) 
mean  hea t  t r a n s f e r  for  the 7 
c en t r a l  tubes:  cont inuous 
l i n e - - f r o m  M i k h e e v ' s  f o r m u l a  

[3]. 

The e x p e r i m e n t a l  s ec t i ons  w e r e  a r r a n g e d  v e r t i -  
c a l l y ;  the a i r  f lowed upwards  f r o m  below in s ec t ion  
no. 1, and downwards  f r o m  above in s ec t ion  no. 2, 
i . e . ,  the d i r e c t i o n s  of f r e e  and fo r ced  convec t ion  
co inc ided  in both c a s e s .  The equiva len t  d i a m e t e r ,  
d e t e r m i n e d  a c c o r d i n g  to to ta l  washed  p e r i m e t e r ,  
was d e = 6.15 m m  for  s ec t ion  no. 1, and 6.125 m m  
for  no.  2. 

The l i m i t s  of e r r o r  in d e t e r m i n i n g  hea t  t r a n s f e r  
coef f i c ien t s  fo r  both sec t ions  did not  exceed  + 10 to 
15%. The t e m p e r a t u r e  p r o f i l e  a long the p e r i m e t e r  
of the tubes  was i nves t i ga t ed  in p r e l i m i n a r y  e x p e r i -  
ments ,  and no nonun i fo rmi t i e s  w e r e  o b s e r v e d .  

Tes t  da ta  a r e  shown in F ig .  2 fo r  the a v e r a g e  hea t  
t r a n s f e r  fo r  a l l  19 tubes of the h e a t e r  bundle,  r e -  
f e r r e d  to mean  s t r e a m  t e m p e r a t u r e  and equiva len t  
d i a m e t e r  d e . These  da t a  m a y  be c o r r e l a t e d  as  
fo l lows ,  with m a x i m u m  s c a t t e r  of the o r d e r  of :=15%: 

0.8 fo r  2.10 ~ < R e . < 8 . 1 0 4  N u . = 0 0 2 0 2 R e .  : (1) 

for: 2.103 < R% < 2.104 Nu,=0.001136Rez, '~ (2) 

In the tu rbu len t  r eg ion  the t e s t  da t a  a re ,  on the 
ave rage ,  12% above  the value f r o m  M l k h e e v ' s  
f o r m u l a  for  a tube [7]: 

~.8 Nu. = 0 .018Re. .  (3) 

P r o c e s s i n g  of the t e s t  da t a  in t e r m s  of mean  
t e m p e r a t u r e  of the boundary  l a y e r  tf ,  equal  to the 
half  sum of the mean  t e m p e r a t u r e  of wal l  and 
s t r e a m ,  i nd i ca t e s  that  they a re ,  on the ave rage ,  
11% below the va lues  f r o m  the W e i s m a n  [8] fo rmula :  

Nu t = (O.026s/d - -  0.006) Re~ 8 PrJ/:~ , (4) 

a l lowing fo r  the dependence  of hea t  t r a n s f e r  on the 
p i tch  of the s t a g g e r e d  tube bund les .  

A d e t e r m i n a t i o n  was  a l so  made  of the mean hea t  
t r a n s f e r  coef f i c ien t  for  the seven  c e n t r a l  tubes of 
the bundle .  It i s  c h a r a c t e r i s t i c  that  t r a n s i t i on  to 
deve loped  tu rbu len t  flow in the given c a s e  was de layed  
in c o m p a r i s o n  with the whole bundle,  and o c c u r r e d  
f o r R e  n ~ 2 5  �9 104 . 

As m a y  be seen  f r o m  F ig .  2, fo r  Re > 2.5 �9 104 , 
the mean  hea t  t r a n s f e r  fo r  the c e n t r a l  tubes of the 
bundle a g r e e s  with that  for  the whole bundle .  It should 
be noted that  this  a g r e e m e n t  o c c u r s  for  a r a t i o  of the 
d i s t ance  of the o u t e r m o s t  tubes f rom the housing to 
the m i n i m u m  d i s t ance  between tubes of the o r d e r  of 
0.7 to 0.8, and when this  r a t i o  is  changed the hea t  
t r a n s f e r  at  the ou te r  tubes may  d i f fe r  f rom that at  
the c e n t r a l  tubes .  

I t  i s  i n t e r e s t i n g  to note that  in the flow t r ans i t i on  
r eg ion  no f luc tua t ions  a r e  o b s e r v e d  in hea t  t r a n s f e r  
coef f ic ien t  and wal l  t e m p e r a t u r e ,  such as  we re  
o b s e r v e d  in s o m e  e x p e r i m e n t s  in tubes ( e . g . ,  [9]). 
This  i s  ev iden t ly  due to the fac t  that the turbulen t  
p lugs  f o r m e d  dur ing  t r a n s i t i o n  f rom l a m i n a r  to 
tu rbu len t  flow in longi tudina l  f lows ove r  tube bundles  
e m b r a c e  only the wide p a r t s  of the in te r tube  spaces ,  
whi le  l a m i n a r  flow cont inues  to ex i s t  in the n a r r o w  
p a r t s .  They cannot  t h e r e f o r e  c r e a t e  any a p p r e c i a b l e  
change of tube wal l  t e m p e r a t u r e  (with the p o s s i b l e  
excep t ion  of p a r t  of the p e r i m e t e r ) .  

The t e s t  da t a  for  cool ing at  Re n > 3 �9 104 may  be 
g e n e r a l i z e d  by the f o r m u l a  

N u .  = 0 0206[~e~,', 8 (5) 

and fa l l ,  on the  a v e r a g e ,  2% above the heated da ta ,  
I . e . ,  the e x p e r i m e n t a l  r e s u l t s  obta ined  by the two 
d i f f e r en t  methods  fa l l  wi thin the l i m i t s  of e x p e r i -  
men ta l  a c c u r a c y .  
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