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An  e x p e r i m e n t a l  s tudy  h a s  been  m a d e  of hea t  t r a n s f e r  by n a t u r a l  c onve c t i on  f r o m  a th in  w i r e  
in a c y l i n d r i c a l  e n c l o s u r e  f i l l ed  wi th  l iqu id .  The d e p e n d e n c e  of the c o n v e c t i o n  coe f f i c i en t  on 
the  p a r a m e t e r  G r 6 P r  has  been  found wi th  d i f f e r e n t  l e ng th s  of m e a s u r i n g  i n t e r v a l  and fo r  
v a r i o u s  i n c l i n a t i o n s  of the  m e a s u r i n g  tube to the h o r i z o n t a l .  

S m a l l  d i a m e t e r  c o a x i a l  c y l i n d e r s  have  been  u sed  a s  h e a t e x c h a n g e r s  in r e c e n t  hea t  t e chno logy  e q u i p -  
m e n t .  H o w e v e r ,  a l m o s t  no a t t en t ion  has  been  g iven  in the l i t e r a t u r e  to h e a t  t r a n s f e r  by n a t u r a l  c onvec t i on  
a c r o s s  s m a l l  c y l i n d r i c a l  g a p s  (of d i m e n s i o n  1 to 7 m m ) .  R e s u l t s  w e r e  p r e s e n t e d  in [1] of  i n v e s t i g a t i o n s  
of  n a t u r a l  c o n v e c t i o n  in hea t  t r a n s f e r  f r o m  a f ine w i r e  in a c y l i n d r i c a l  e n c l o s u r e  f i l l ed  wi th  l iqu id .  The 
p a p e r  e x a m i n e d  the d e p e n d e n c e  of the convec t i on  coe f f i c i en t  e on the p a r a m e t e r  G r s P r  fo r  v a r i o u s  gap  
s i z e s ,  but  fo r  only  one l eng th .  The  i n v e s t i g a t i o n  w a s  c a r r i e d  out wi th  a v e r t i c a l  and h o r i z o n t a l  a r r a n g e m e n t  

of the m e a s u r i n g  t u b e s .  It was  found tha t  fo r  s m a l l  
T A B L E  1. D i m e n s i o n s  of M e a s u r i n g  T u b e s ,  m m  
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F i g .  i .  The quan t i ty  ~ as  a funct ion  of the p a r a m -  
e t e r  G r s P r :  1) h o r i z o n t a l  tube a r r a n g e m e n t ;  2 , 3 ,  
and  4) v e r t i c a l  a r r a n g e m e n t  of t ubes  of l ength  133, 
500, and  900 m m ,  r e s p e c t i v e l y .  

g a p s ,  c o m m e n s u r a t e  wi th  the b o u n d a r y  l a y e r  t h i c k -  
n e s s ,  the g e n e r a l i z e d  r e l a t i o n  be tw e e n  ~ and G r 6 P r ,  
ob t a ined  by K r a u s s o l ' d  and  M ikhe e v  fo r  l a r g e  g a p s ,  
d id  not  ho ld .  The  e x p e r i m e n t s  showed tha t  ~ was  i n -  
dependen t  of  the m e a s u r i n g  gap  fo r  v e r t i c a l  and h o r i -  
zonta l  m e a s u r i n g  tubes  and can  be d e s c r i b e d  by two 
d i s t i n c t  c u r v e s .  The  c o n v e c t i o n  in h o r i z o n t a l  tubes  
w a s  c o n s i d e r a b l y  g r e a t e r  than  in v e r t i c a l  t u b e s .  

The p r e s e n t  p a p e r  c o n c e r n s  the d e p e n d e n c e  
of the  c onve c t i on  coe f f i c i en t  on the length  l of the 
m e a s u r i n g  s e c t i o n  and the angle  of i t s  s l o p e  to the 
h o r i z o n t a l  go. The m e a s u r e m e n t s  w e r e  c a r r i e d  out 
us ing  a h e a t e d  w i r e  (d = 0.1 mm)  in w a t e r  and in 96% 
e thy l  a l coho l ,  in 3 t u b e s .  The tube s i z e s  (the f i r s t  3) 
a r e  shown in Tab le  1. The m e a s u r e m e n t  t echn ique  
was  d e s c r i b e d  in [1]. 

The c o n v e c t i o n  coe f f i c i en t  w a s  m e a s u r e d  at  
v a r i o u s  t e m p e r a t u r e s .  The t e m p e r a t u r e  head  At 
v a r i e d  f r o m  2 to 14% In the  e x p e r i m e n t a l  cond i t ions  
the s i m i l a r i t y  p a r a m e t e r  G r 6 P r  v a r i e d  f r o m  20,000 
to 800,000. The d a t a  fo r  compu t ing  G r s P r  w e r e  t aken  
f r o m  [2]. 

F i g u r e  1 shows  the m e a s u r e d  v a l u e s  of  ~ fo r  
a l l  t h r e e  m e a s u r i n g  t u b e s .  It c an  be s e e n  f r o m  F ig .  1 
(1) tha t  the c onve c t i on  wi th  a h o r i z o n t a l  tube is  c o n -  
s i d e r a b l y  g r e a t e r  than wi th  a v e r t i c a l  tube ,  and does  
not  depend  on the length  of  the  m e a s u r i n g  s e c t i o n .  

O r d z h o n i k i d z e  A v i a t i o n  I n s t i t u t e ,  Mosc ow .  T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i c h e s k i i  Z h u r n a l ,  Vol .  15, 
No.  6, pp .  1124-1127,  D e c e m b e r ,  1968. O r i g i n a l  a r t i c l e  s u b m i t t e d  M a r c h  15, 1968. 
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F i g .  2. D e p e n d e n c e  of ~ on tube l eng th  l .  C u r v e s  1, 2, and 3 c o r r e s p o n d  to G r s P r  of 
87,000,  126,000,  159,000,  r e s p e c t i v e l y .  

F i g .  3. a) e a s  a func t ion  of G r s P r  fo r  v a r i o u s  ang l e s  of i n c l i n a t i o n  to the h o r i z o n t a l  
[1) 0 and 30~ 2) 45; 3) 60; 4) 90, v e r t i c a l  tubes ] ;  b) tube l o c a t i o n ,  w h e r e  5 i s  the  gap 
wid th ,  and h is  the he igh t  of the  c i r c u l a t i o n  c o n t o u r .  

T h i s  is  a p p a r e n t l y  due to the  fac t  that  the m a g n i t u d e s  of the c onve c t i ve  c i r c u l a t o r y  c o n t o u r s  f o r m e d  in th is  
c a s e  do not  depend  on the l eng th  of the tube .  

F o r  the v e r t i c a l  tube ~ was  l a r g e r ,  the s h o r t e r  was  the tube .  C u r v e s  2, 3, and  4 show the c onvec t i on  
in v e r t i c a l  t ubes  of l eng th  133, 500, and 900 r a m ,  r e s p e c t i v e l y .  

In a l o n g e r  tube the b o u n d a r y  l a y e r  a r o u n d  the w i r e  can  de ve lop  to a g r e a t e r  t h i c k n e s s ,  and ,  t h e r e -  
f o r e ,  the  l o n g e r  the tube i s ,  the  g r e a t e r  is  the t h e r m a l  r e s i s t a n c e .  In a d d i t i o n ,  the l o n g e r  the tube i s ,  the  
l o n g e r  a r e  the  c i r c u l a t i o n  c o n t o u r s  in the c o r e  of  the hea t  t r a n s m i t t i n g  l a y e r ,  and the w o r s e  i s  the h e a t  
t r a n s f e r .  Wi th  i n c r e a s e  in tube length  the s t a r t  of c o n v e c t i o n  c o r r e s p o n d s  to h i g h e r  v a l u e s  of  the p a r a m -  
e t e r  G r s P r .  The  v a l u e s  of g ob t a ined  fo r  a l c o h o l  and w a t e r  l i e  on a s ing le  c u r v e  fo r  a tube of the s a m e  
l eng th .  

F i g u r e  2 shows  g as  a funct ion  of tube l eng th .  It is  p l o t t e d  v e r s u s  the  p a r a m e t e r  G r s P r .  F i g u r e  2 
shows  tha t  ~ d e c r e a s e s  wi th  i n c r e a s e  of tube l eng th  fo r  c o n s t a n t  G r 6 P r .  

L a t e r  in the w o r k  an  i n v e s t i g a t i o n  w a s  m a d e  of the c o n v e c t i o n  coe f f i c i en t  a s  a func t ion  of the i n c l i n a -  
t ion  of  the tube to the h o r i z o n t a l .  M e a s u r e m e n t s  w e r e  m a d e  wi th  two t u b e s .  T h e i r  d i m e n s i o n s  (the l a s t  
two tubes )  a r e  g iven  in T a b l e  1. 

The  m e a s u r e d  r e s u l t s  a r e  shown in F i g .  3a .  The  c o n v e c t i o n  c o e f f i c i e n t s  fo r  t ubes  i n c l i n e d  at  ang le  
30 ~ to the h o r i z o n t a l  a r e  p r a c t i c a l l y  the  s a m e  a s  fo r  c o n v e c t i o n  wi th  h o r i z o n t a l  c y l i n d e r s .  A t  an  ang le  of 
45 ~ to the h o r i z o n t a l  the c o n v e c t i o n  is  s o m e w h a t  l e s s  than  fo r  h o r i z o n t a l  t u b e s .  A t  60 ~ the c o n v e c t i o n  h a s  
a l r e a d y  d e c r e a s e d  c o n s i d e r a b l y ,  and has  i t s  l e a s t  va lue  fo r  the v e r t i c a l  p o s i t i o n .  B e t w e e n  the g r e a t e s t  and 
l e a s t  v a l u e s  the d e p e n d e n c e  of  the  c o n v e c t i o n  coe f f i c i en t  (for a s ing le  va lue  of  G r s P r )  on the tube s lope  ang le  
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 cos  ~ .  

The d e c r e a s e  of  e wi th  i n c r e a s e  of the ang le  ~ of the  tube is  due to the  i n c r e a s e  in length  of the c i r -  
c u l a t i o n  c o n t o u r .  Whi l e  the he igh t  h of the c i r c u l a t i o n  con tou r  i s  d e t e r m i n e d  by the gap  width  5 wi th  a h o r i -  
zonta l  tube l o c a t i o n ,  wi th  an i n c l i n e d  tube (F ig .  3b) i t  i n c r e a s e s  and i s  g i v e n  by the equa t ion  

6 
h - -  

cos q> ' 

The convec t i ve  h e a t - t r a n s f e r  d e t e r i o r a t e s  wi th  i n c r e a s e  in the l eng th  of the c i r c u l a t i o n  c o n t o u r .  

g 

G r  5 
Pr 

is  the c o n v e c t i o n  c o e f f i c i e n t ;  
i s  the G r a s h o f  n u m b e r  ; 
i s  the  P r a n d t l  n u m b e r ;  

NOTATION 
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5 is the gap width; 
At is the t empera tu re  head; 

is the angle of tube inclination to horizontal ;  
l is the tube length. 

1~ 
2 .  
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