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The method and results of an experimental  investigation of free- 

convective heat transfer with variable heat  source position are re- 
ported. 

As noted in [1], the  obta in ing  and g e n e r a l i z i n g  of 
t e s t  da t a  on hea t  t r a n s f e r  f r o m  bod ies  in c l o s e d  vol -  
u m e s  is one of the m a j o r  p r o b l e m s  involved in a p -  
p l i c a t i on  of the t h e o r y  of the t h e r m a l  r e g i m e  of r ad io ,  
e l e c t r o n i c ,  and m e a s u r i n g  equ ipmen t .  

It was e s t a b l i s h e d  e x p e r i m e n t a l l y  in [3] that  the 
s u r f a c e  t e m p e r a t u r e  of a h e a t - g e n e r a t i n g  e l e m e n t  
depends  on i t s  l oca t ion  in a c l o s e d  space ,  and the 
ques t ion  a r i s e s  of a m o r e  d e t a i l e d  i nves t i ga t i on  of the 
qua l i t a t i ve  and quan t i t a t ive  a s p e c t s  of the p r o b l e m .  
This  p a p e r  dea l s  with the technique  of th is  k ind of 
i n v e s t i g a t i o n  and i t s  r e s u l t s .  

The  b a s i c  e l e m e n t s  of the e x p e r i m e n t a l  se tup  (Fig .  
1) a r e  a t h i n - w a l l e d  tube 1 m a d e  of po l i shed  n i c k e l -  
p l a t e d  foil  ( th ickness  A = 0.25 mm),  an e l e c t r i c  h e a t e r  
2 in the  f o r m  of a t h in -wa l l ed ,  po l i shed ,  n i c k e l - p l a t e d  
tube with an  i n t e r n a l  n i c h r o m e  co i l  wound a t  cons t an t  
p i tch  on a c e r a m i c  rod,  and f l u o r o p l a s t i c  t h i n - w a l l e d  
caps  3 of the tube with a g roove  fo r  guid ing  the h e a t e r  
d u r i n g  i t s  d i s p l a c e m e n t ,  t he se  s i m u l t a n e o u s l y  p r o -  
r i d i n g  i n su l a t i on  at  the  end of the  tube and the h e a t e r .  
Tube 1 was  f a s t e n e d  with  c l i p s  to the tab le  of a d r i l l i n g  
mach ine ,  so tha t  i t  could be t r a v e r s e d  with an a c c u r -  
a c y  of 0.05 mm,  whi le  the h e a t e r  was r i g i d l y  " s u s -  
pended"  f r o m  a wai l  b r a c k e t  by  m e a n s  of two c h r o m e -  
m o l y b d e n u m  tubes  of d i a m e t e r  8 m m  (brought  out 
th rough  g a s k e t e d  a p e r t u r e s  in tube 1). 

The h e a t e r  p o w e r  supp ly  was  a s t a b i l i z e d  VS-12 
r e c t i f i e r .  The  c u r r e n t  was  d e t e r m i n e d  with the a id  
of an R-330  p o t e n t i o m e t e r  f r o m  the vo l t age  d rop  in a 
s t a n d a r d  R-321 0.1 m C l a s s  0.01 r e s i s t o r ,  whi le  
the vo l tage  d r o p  in the h e a t e r  was m e a s u r e d  with a 
C l a s s  0.1 M-502 v o l t m e t e r .  

The h e a t e r  s u r f a c e  t e m p e r a t u r e  was  m e a s u r e d  with 
12 c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e s  s o l d e r e d  into the 
tube wa l l .  The t h e r m a l  w i r e s ,  0.1 m m  in d i a m e t e r ,  
w e r e  g lued  to the i n s i d e  wal l  of the h e a t e r  tube and 
b rought  out th rough  the c h r o m e - m o l y b d e n u m  tubes .  
The h e a t e r  l e a d s  w e r e  a l so  l o c a t e d  in t hem.  The  c e n -  
t r a l  t r a n s v e r s e  s ec t i on  of the h e a t e r  had 4 t h e r m o -  
coup le s ,  and t h e r e  w e r e  two t h e r m o c o u p l e s  in each  
of f ou r  o t h e r  s e c t i o n s ,  250 and 500 m m  to r i g h t  and 
le f t  of the c e n t e r .  F o r  m e a s u r i n g  i t s  t e m p e r a t u r e ,  
the  s u r f a c e  of tube i had 20 t h e r m o c o u p l e s ,  of which 
12 w e r e  in the c e n t r a l  c r o s s  s ec t i on  (at equal  i n t e r v a l s  
a round  the p e r i p h e r y ) ,  whi le  t h e r e  w e r e  four  in each  
of the s e c t i o n s  250 m m  to r i gh t  and le f t  of  c e n t e r .  The 
t h e r m o c o u p l e  w i r e s  w e r e  s t r e t c h e d  a long  g e n e r a t o r s  

of the c y l i n d e r  up to the end p i e c e s ,  w h e r e  they  r a n  
t o g e t h e r  into c o m m o n  bund les .  

Al l  the t h e r m o e o u p l e  l e a d s  we re  connec ted  through 
the swi tch  to the m e a s u r i n g  s y s t e m ,  which c o n s i s t e d  
of a l o w - i m p e d a n c e  R330 p o t e n t i o m e t e r  4, a s t a n d a r d  
e l e m e n t  5 of C l a s s  II a c c u r a c y ,  a M-195 null g a l v a -  
n o m e t e r  6, and a d c  b a t t e r y  7. 
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Fig .  1. D i a g r a m  of the e x p e r i m e n t a l  setup:  1) 
e x t e r n a l  tube ;  2) h e a t e r ;  3) end i n s u l a t o r s ;  4) 
l o w - i m p e d a n c e  p o t e n t i o m e t e r  ; 5) s t a n d a r d  ; 6) 
null  g a l v a n o m e t e r ;  7) dc b a t t e r y ;  8) c o l d - j u n c t i o n  
t h e r m o s t a t  ; 9) r e f e r e n c e  t h e r m o m e t e r  ; 10) swi tch  ; 
11) s t a n d a r d  r e s i s t o r  ; V - - v o l t m e t e r  ; A - - a m m e t e r .  

The c o m m o n  cold  junc t ion  for  a l l  the t h e r m o c o u p l e s  
was l oc a t e d  in a Dewar  f l a s k  with g l y c e r i n  8, whose  
t e m p e r a t u r e  was  m e a s u r e d  with  a r e f e r e n c e  t h e r m o -  
m e t e r  9 with 0.1 ~ C s u b d i v i s i o n s .  

F o r  a l l  v a r i a t i o n s  of the h e a t e r  d i a m e t e r  (D h = 16; 
28; 40 ram) and of the  ou t s ide  tube (D 2 = 80 and 160 ram) ,  
the length  L was  1000 r am.  The  t e s t s  spanned  a r a n g e  
of e c c e n t r i c i t y  e f r o m  0 to ~=[D2/2 - (Dh/2 + 2)] m m  
(which c o r r e s p o n d s  to a m i n i m u m  s l i t  be tween  the 
tube and the h e a t e r  of 2 mm),  fo r  r a t i o s  of D2/D h = 
= 2; 4;  5.7;  10 at  t h r e e  p o w e r  condi t ions ,  c o r r e s p o n -  
d ing  to a t e m p e r a t u r e  d i f f e r e n c e  be tween  the h e a t e r  
s u r f a c e  and the tube wal l  f r o m  about  40~  ~ to 1 5 0 " -  
160 ~ C. The  convec t ive  m e d i u m  was  a i r .  

Al l  the  m e a s u r e m e n t s  w e r e  conduc ted  u n d e r  s t r i c t l y  
s t e a d y - s t a t e  cond i t ions ,  th is  be ing  m o n i t o r e d  with the 
he lp  of an E P P - 0 9  p o t e n t i o m e t r i c  r e c o r d e r ,  to which 
one of the  h e a t e r  t h e r m o c o u p l e s  was connec ted .  

Since the " inf in i te  l eng th"  condi t ion  of the t u b e -  
h e a t e r  s y s t e m  was  c o m p a r a t i v e l y  wel l  s a t i s f i ed ,  the 
da ta  of the "work ing  s e c t i on  ~ m u s t  be taken  as  c a l c u -  
l a t ion  q u a n t i t i e s .  Thus the ~working s e c t i o n "  t u r n e d  
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F i g .  2.  E x p e r i m e n t a l  d a t a  on v a r i a t i o n  of d i m e n s i o n l e s s  t e m p e r a -  

t u r e  f o r  a) v e r t i c a l  and  b) h o r i z o n t a l  d i s p l a c e m e n t :  I) fo r  the  p a i r  

of t u b e s  w i th  D 2 = 160 r a m ,  D h = 16 r am,  wi th  I = 0 .165 A (1), 0 .22 

(2), 0 .28 ( 3 ) ; I I )  the  s a m e  wi th  D 2 =  160 r am,  D h = 2 8  m m  and  wi th  

I = 0 . 1 6 A  (4), 0 .23 (5), 0.3 ( 6 ) ; I I I )  D ~ =  160 m m ,  D h = 40 m m ,  1 =  

= 0.19 A (7), 0 .25 (8), 0.3 ( 9 ) ; I V )  D 2 =  80 m m ,  D h = 4 0  m m ,  I =  0.19 A 

(10), 0.25 (11),  0.3 (12).  
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out to be the midd l e  pa r t  of the tube and a length l ws = 
= 500 rnm of the h e a t e r .  The end effect  he re  was not 
a p p r e c i a b l e ,  s ince  the t e m p e r a t u r e  d i f f e rence  be -  
tween the the r rnoeoup les  ad jacen t  to the c e n t r a l  
t he r rnocoup les  was at  m o s t  0.5% of the t e m p e r a t u r e  in 
the c e n t r a l  h e a t e r  s ec t ion .  T h e r e f o r e  the  a v e r a g e  
t h e r m o c o u p I e  r e a d i n g s  ove r  a length  of 0.5 rn w e r e  
taken as  the h e a t e r  and ou te r  tube ca l cu la t ion  t e m -  
p e r a t u r e s ,  while  the power  in the work ing  sec t ion  
was a s s u m e d  to be Qws = ( / w s / L ) Q  = (500/1000)Q.  

The da t a  obtained,  r e d u c e d  to the d i m e n s i o n l e s s  
f o r m  [0 = ( t  1 - t 2 ) e / ( t  1 -  t2)0, V = = ~ e / ( R -  r)],  a r e  
shown g r a p h i c a l l y  fo r  v e r t i c a l  (F ig .  2a) and h o r i -  
zonta l  (F ig .  2b) d i s p l a c e m e n t  of the h e a t e r .  

F i g u r e  2a shows a c l e a r  dependence  of r e l a t i v e  
t e m p e r a t u r e  d i f f e r ence  on r e l a t i v e  v e r t i c a l  e c c e n t r i c -  
itv. which is  g e n e r a l i z e d  fo r  al l  the t e s t s ,  with 
su f f i c ien t  a c c u r a c y  for  t e c h n i c a l  p u r p o s e s .  At  m a x i -  
mum p o s i t i v e  and nega t ive  v e r t i c a l  e c c e n t r i c i t i e s ,  
t e m p e r a t u r e  d i s con t i nu i t i e s  a r e  o b s e r v e d  in the d i r e e -  
l ion of lower  t e m p e r a t u r e ,  which may  be ful ly aeeoun-  
ted  fo r  b e c a u s e  of the i n c r e a s e d  hea t  t r a n s f e r  in the 
thin bounda ry  l aye r .  

Figure 2b allows us to assert that the eccentricity 

in the horizontal plane has no influence on the thermal 

condi t ions  of the s u r f a c e  of the h e a t - g e n e r a t i n g  e l e -  
men t .  A s i m i l a r  t e m p e r a t u r e  d i scon t inu i ty  is  ob-  
s e r v e d  at  the m a x i m u m  e c c e n t r i c i t i e s .  

The r e s u l t s  of the p r e s e n t  i nves t iga t ion  (with the 
dependence  of F ig .  2 be ing  e x p r e s s e d  by an equation)  
enable  m o r e  a c c u r a t e  c a l c u l a t i o n  of the s u r f a c e  t e m -  
p e r a t u r e  of the hea t  s o u r c e  when it  is  d i s p l a c e d  in 
a c l o s e d  vo lume.  It is  ev ident  that  th is  c a l cu l a t i on  is 
based  on r e l i a b l e  hea t  t r a n s f e r  da ta  in ho r i zon t a l  
c y l i n d r i c a l  l a y e r s  with a c e n t r a l l y  l oca t ed  h e a t e r .  

It is  known [4, 5] that  the amount  of hea t  t r a n s m i t t e d  
through a c y l i n d r i c a l  l a y e r  of l iquid o r  gas  under  
na t u r a l  convec t ion  is g iven by the e x p r e s s i o n  

Q = Nu' 2~ l (L -- Q) s (DUD h ). 
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F i g .  8. Rela t ion  be tween  the n u m b e r s  Nu' and 
Rah: 1) with 5/Dh = 0.5; 2) 0~ 3) 1.5; 4) 2~ 

5) 3.5; G) 4~ 

B e c a u s e  of the c o m p l e x i t y  of the phenomenon under  
examina t ion ,  the value of the mod i f i ed  Nusse l t  n u m b e r  
has been d e t e r m i n e d  e x p e r i m e n t a l l y  by a number  of 
i n v e s t i g a t o r s  [2, 4, 6 - 1 0 ] .  A s u m m a r y  of the e a l e u -  
ta t ion  r e l a t i o n s  that  they ob ta ined  is g iven in the t a b l e .  
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Fig .  4. C o m p a r i s o n  of Eq. (1) with e x p e r i m e n t a l  
da t a  [2, 6, 7, 10], r e c a l c u l a t e d  a c c o r d i n g  to (1). 
1, 2, 3) for  a i r ,  H 2 and CO2, r e s p e c t i v e l y  [6] ; 4, 5, 
and 6) fo r  wa t e r ,  and t r a n s f o r m e r  and mach ine  oi l  
[7] ; 7 and 8) fo r  s i l i cone  and w a t e r  210] ; 9) fo r  

cQ [21. 

The c a l c u l a t e d  Nu' n u m b e r  fo r  the iden t i ca l  c a s e  
of heat  t r a n s f e r  th rough  a c y l i n d r i c a l  l a y e r  f i l l ed  with 
a i r  (D 2= 0 . 1 6 m ,  Dh = 0 . 2 8  m, t 1 = 6 9  ~  t 2 = 2 9  ~ C, 
and the t h e r m o p h y s i c a l  p r o p e r t i e s  d e t e r m i n e d  a c -  
c o rd ing  to [4] at  the mean  a i r  t e m p e r a t u r e  in the 
l a y e r )  a r e  given in the l a s t  co lumn of the tab le  and 
show a m e a s u r e  of a g r e e m e n t  which could be con -  
s i d e r e d  s a t i s f a c t o r y .  

The c o n s i d e r a b l e  p o s s i b l e  m a x i m u m  e r r o r s  of eac__~h 
Of these  equat ions ,  as  wel l  a s  the d i v e r g e n c e  of the 
r e s u l t s  of c a l c u l a t i n g  the s a m e  c a s e  a c c o r d i n g  to 
d i f f e ren t  equa t ions ,  ~ v e  r e a s o n  for  f u r t h e r  i n v e s t i -  
ga t ions  of the heat  t r a n s f e r  th rough  a l a y e r .  

It i s  a l so  i m p o r t a n t  to d r a w  a t t en t ion  to the incon-  
s i s t e n c y  tha t  in the f o r m u l a s  of K r a u s s o t d ,  Mikheev ,  
and B o y a r i n t s e v  at  Ra 6 -> 106 the exponent  for  Ra 6 is 
d e c r e a s e d ,  whi le  it  was e s t a b l i s h e d  by the v isua l  ob-  
s e r v a t i o n s  of Liu, Mue l l e r ,  and Landis ,  for  hea t  
t r a n s f e r  in th i s  r eg ion ,  that  t u rbu l ence  was exc i t ed  
and deve loped ,  and t h e r e f o r e  such a d e c r e a s e  in the 
exponent  is  dubious .  

We c a r r i e d  out t e s t s  on coax ia l  c y l i n d e r s  in the 
equ ipment  whose g e n e r a l  for rn  was d e s c r i b e d  above,  
a long with the me thod  of p e r f o r m i n g  Lhe t e s t s .  

The amount  of hea t  t r a n s f e r r e d  by r a d i a t i o n  p e r  
1 m length was c a l c u l a t e d  a c c o r d i n g  to the r e l a t i o n  

qrad s r Cy:~ l)h [(TI 100)~--( T'-'100i~I 

In c a l c u l a t i n g  the r e d u c e d  e m i s s i v i t y  o f  the s y s t e m ,  
we a s s u m e d  that  % = e~ : 0.045 [ I i1 .  

Knowing the hea t  t r a n s f e r r e d  by convec t ion  and 
conduct ion  th rough  the l aye r ,  q = qel - qrad ,  we can 
find the equ iva len t  t h e r m a l  conduct iv i ty :  

F r o m  the va lues  ob ta ined  for  Xeq and At, we e a l c u -  
l a t ed  Nu ~ and Rah, and the r e l a t i o n  be tween them e x -  
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Relat ions for  Calculating Heat  Trans fe r  in 
Horizontal  Cylindrical  Laye r s  

Relations proposed 

From the graphs of [6] 

(Gr~ Pr) x< 103; Nu' = 1; 

103, 8 <'.(Rag) f 4.106; Nu' =0.11 (1~a6)~'29; 

~(l~a6)f> 10"; Nu'=0.40 (Ra6)~ "2~ 

0.119 (Ra6)}'27 
(Ra6)f.~10s; N u ' : l q -  (Ra6)f@l.45,10 a 

[ (L171 Ra~ \--~-~-h / If "~10s; Nu' = 1; 

104 .J IRa4[  L' ~ 3] <10,; Nu'=O.O62[Ra6[ LI 13] '/3 
\ Lh / If \ Lh ] Jf ; 

(Ra6) f ,(, 103; Nu' = 1; 

103 ~ (Ra6) f -(2 106; Nu' := 0.105 (Ra~)~ '3 

106 " (Ra6)f ~ 101~ Nu' = 0.40 (Ra6)? '2 

P r2Gr6)  <~103; N u , = l  ; 
1 _362~pr f 

103'5"'(  pr2Gr6 / 108; Nu' 0.135( Pr2Gr6 /~ 
" 1.36-l-Pr i [  < 1 ~ 3 ~  If 

From the graphs of [2] 

N u  t 

5.0 

5.6 

5.5 

6.6 

6.1 

4.3 

6.5 
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p r e s s e d  in coo rd ina t e s  l g N u '  -- l g R a  5 (Fig.  3). It 
may  be seen  f rom the f i gu re  that, fo r  each r a t io  
5/~Dh, this r e l a t ion  is l inear ,  and may  t h e r e f o r e  be 
e x p r e s s e d  by an equat ion of the f o r m  

lgNu' = Ig C =- m IgRa 6. 

The s lopes  m and the cons tan ts  C of the s t r a igh t  l ines  
were  found by the l eas t  s q u a r e s  method.  F o r  all  the 
r a t i o s  5/Dh, the value of m p roved  to be the same,  and 
equal  to 0.25. The dependence  C ~f (6 /Dh}  (Fig.  3), 
fo l lowing the l eas t  s q u a r e s  operat ion,  was e x p r e s s e d  
by the equat ion 

C = 0 . 2 2 ( 6 D h ) - ' : : = 0 . 2 2 ( D  h 6i ~:: Dh/6----_ 1--0.22. 

Thus, the p a r a m e t r i c  equat ion for  heat  t r a n s f e r  
under  f r e e  convec t ion  in a hor izonta l  cy l ind r i ca l  

sbmametr ical  l aye r  takes  the fo rm 

Nu' 0 . 2 2  (Ra~,)} ':~5 " ~' - (Dh ,~ , )  I. 4.2-< 

-< ] ~ ( R a ~ t :  -.< 6 .2 .  0 . 2 2  -< D h '~ -5-< 1. (1) 

The m a x i m u m  e r r o r  of (1) r e l a t i v e  to the e x p e r i -  
u}= - m  menta l  data l ies  in the range  2.we. 

It may be seen  f r o m  Fig .  4 that the data of [2, 6, 7, 
10] a r e  d e s c r i b e d  by the p roposed  equat ion with s a t i s -  
f a c to ry  a c c u r a c y .  

The r e l a t i on  obtained p e r m i t s  ca lcu la t ion  with 
s a t i s f a c t o r y  a c c u r a c y  of heat  t r a n s f e r  through gaseous  

and l iquid c y l i n d r i c a l  s3mametr ical  l a y e r s  in the range  

3 _< lg(Ras) f  -< 8. 
It follo~(s f r o m  Fig .  4 that in g e n e r a l i z i n g  the ex -  

p e r i m e n t a l  data of the d i f fe ren t  au thors ,  a l lowing for 

the ra t io  6/Dh, no c l e a r  va r i a t ion  is o b s e r v e d  in the 

exponent  of the Ray le igh  number  when its value is 
(Ra6) f _> 10 e in the heat  t r a n s f e r  equation,  as was 
shown in [4, 7, 8]. 

NOTATION 

Nu'-modified Nusselt number, Nu' = Xeq/Xf; Xeq-equivaler.~ 
thermal conductivity; X.f-thermal conductivity of liquid or gas; l -- 
length of layer; Dh, r--diameter and radius of heater; Ba, R--diameter 

and radius of external cylinder; t t and t~--tempexamre of internal 
and external cylinder, respectively; Ra6--Rayleigh number, Ra 6 = 
= (PrGr)6; Pr--Prandtl number; e--eccentricity; Gr~--Gra~hof number, 
Gr~ = gJSAt/o~; 6--layer thickness; At = t t -- t~; B--volume expan- 
sion coefficient; u--kinematic viscosity; g--acceleration due to graviD'; 
8r--reduced emissivity of system; e r = 1/[1/e I + (Dh/D.t)(1/~ -- 1)]; 
e t and q--emissivity of heater and extemal tube, respectively; -- 
dimensionless temperature. O = (t I -- t~)e/(t 1 -- t~)e; (q -- h)e and 
(tl -- h)0-temperature difference of heat-source element when dis- 
placed from center, and when in the central position, respectively; 
~--dirnensionless displacement. 
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