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An experimental study has been made of heat transfer in cylindrical 
gaps under natural convection, using water and 96% ethanol. A 
comparison has been made of the convection coefficient in horizontal 
and vertical tubes, and the conditions for generating convection have 
been defined more accurately. 

The t r a n s m i s s i o n  of heat  by na tu r a l  convect ion  f rom 
a fine wi re  in a c losed  volume has not  r ece ived  much 
study. The inves t iga t ion  of this phenomenon is of in-  
t e r e s t  for the elucidation of the convection mechanism 
of heat transfer. 
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Fig .  1. The Krausso ld -Mikheev  curve  e = 
= f ( G r s P r )  in  logar i thmic  coord ina tes  for 
cy l ind r i ca l  l a y e r s  with va lues  of 6 a) 7~ 5 

, ram; b) 17.5;  c) 27 .5 ;  d) 42.5;  e) 91 .5 ;  
f) 191.5;  g ) 2 8 4 . 5  and h ) f o r  plane l aye r s  
f rom the data of Naussel t ,  i) Schmidt, and 
Mull and Ra ie r  for j) ve r t i c a l  and k) h o r i -  

zontal  l ayers ,  and l) Von Epp. 

of t es t s  p e r f o r m e d  with quite a l a rge  gap between the 
cy l inde r s ,  Recent  t e s t  data on convect ion  with sma l l  
gaps have shown that  the K r a us so l d  curve  cannot  a l -  
ways be r ega rded  as genera l .  We the re fo re  set  up a 
special experiment with different gaps between cylin- 
ders, in the region not previously studied. 

Using a similarity theory method, the solution of 
the system of differential equations describing heat 
transfer may be written in the form of functions which 
interrelate similarity criteria. When the system of 
differential equations cannot be integrated, the form 
of the functions is found experimentally. By general- 
izing the test data of various authors [1-4], Kraussold 
[5] obtained a relation for free-convection heat trans- 
fer in a bounded volume of liquid or gas. He took as 
the characteristic geometric dimension the thickness 

of the heat-transmitting layer, 6 = (Don t - Din)/2, 
for the coaxial cylinder case. His parametric equation 
was later improved by Mikheev [6], and the following 
relation obtained: 

for the region 103 < Gr6 Pr < 106 , 

e = 0.105 (Gr~ Pr) ~ ; (1) 

for  the reg ion  l0  G < Gr  5 P r  < 108, 

e = 0.4 (Gr a Pr) ~ , (2) 

e = kef/k, (3) 

G r ~ = ~ g 5 3 h t / v  ~, Pr=w/a,  a=~,/Cp-;. (4) 

In measurements of molecular heat transport in 
liquids it is necessary to know the conditions for creat- 
ing natural convection, and in a number of cases, to 
calculate a correction for convective heat transfer. 
Measurement of thermal conductivity is usually con- 
ducted in short tubes in very thin liquid layers, while 
basic knowledge of natural convection has been ob- 
tained in long and wide tubes. Laws of convective heat 
transfer determined experimentally in long and wide 
tubes are being applied to short and narrow tubes. 

Convective heat transfer in liquids depends on the 
nature of the liquid motion. When heated, the liquid 
motion is determined by its physical parameters, the 
geometry of the space in which the heat transfer takes 
place, and on the orientation of the channels with re- 
spect to gravity forces. 

In convective heat transfer investigations, wide 
use is made of the generalized correlations obtained 
by Kraussold and by Mikheev for the convective co- 
efficient in the gap between coaxial tubes. These rela- 
tions were obtained, however, on the basis of results 

Fig. 2. Convect ion coeffi-  
c ien ts  in 1) hor izon ta l  and 
2) v e r t i c a l  cy l ind r i ca l  gas 

l aye r s .  

The tes t  va lues  of a obtained by va r ious  authors  as 
a function of the s i m i l a r i t y  c r i t e r i a  Gr  6 P r  d e t e r m i n -  
ing convect ion lie on a single curve  (Fig. 1), In the 
sys t em of coord ina tes  chosen,  the magni tude  of the 
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convec t ion  coe f f i c i en t  does  not depend on the shape  
and loca t ion  of  the  hea t  t r a n s f e r  l a y e r .  Convec t ion  is 
o b s e r v e d  to beg in  f r o m  va lues  of the p roduc t  Gr  5 P r  = 
= 1000. T h e s e  r e s u l t s  w e r e  ob ta ined  fo r  gaps  of f r o m  
7 to 285 m m .  

In [7] convec t ion  coe f f i c i en t s  ob ta ined  in v e r t i c a l  
and h o r i z o n t a l  c y l i n d e r s  a r e  c o m p a r e d ,  o t h e r  cond i -  
t ions  be ing  unchanged;  the  t e s t s  w e r e  m a d e  with two 
c o a x i a l  c y l i n d e r s ,  with Din ~ 80 r am,  Dou t = 135 r a m ,  
6 = 27 .5  r a m ,  and the r e s u l t s  a r e  shown in Fig .  2, 
w h e r e  i t  m a y  be s een  tha t  the d i f f e r ence  in convec t ion  
coe f f i c i en t  fo r  the  v e r t i c a l  and h o r i z o n t a l  c y l i n d r i c a l  
l a y e r s  is  s m a l l  and has  a s y s t e m a t i c  c h a r a c t e r .  

Us ing  a coax i a l  c y l i n d e r  me thod  (Din = 30 r a m ,  
5 = 0 .25  r am) ,  Se l schopp  [3] m e a s u r e d  the t h e r m a l  
conduc t iv i ty  of l iquid  c a r b o n  d ioxide .  O t h e r s  have m e a -  
s u r e d  the  s a m e  quant i ty  by the hea ted  f i l a m e n t  method:  
K a r d o s  [8] u sed  a p l a t i num w i r e  of d i a m e t e r  0 .1  m m  
in a tube of  d i a m e t e r  1.66 ram;  Golubev [9], and 
T i m r o t  and Osko lkova  [10] m a d e  t h e i r  m e a s u r e m e n t s  
in tubes  of d i a m e t e r  - 1 m m  with  a D 1 = 0 .1  m m  
p l a t i n u m  f i l amen t .  The  r e s u l t s  of a l l  t h e s e  m e a s u r e -  
m e n t s  d i f f e r  c o n s i d e r a b l y  in s o m e  r e g i o n  of t e m p e r a -  
t u r e  and p r e s s u r e ,  e s p e c i a l l y  n e a r  the  c r i t i c a l  t e m -  
p e r a t u r e .  The s c a t t e r  of the e x p e r i m e n t a l  da t a  is  
m a i n l y  due to the  fac t  tha t  convec t ion  is  e a s i l y  gen -  
e r a t e d  in l iquid  c a r b o n  d ioxide .  When c o r r e c t e d  a c -  
c o rd ing  to the  K r a u s s o l d - M i k h e e v  equat ion  the da ta  do 
not  c o n v e r g e  to a s ing le  va lue .  

In m e a s u r e m e n t s  of t h e r m a l  conduc t iv i ty  of c a r b o n  
d iox ide  in [11] by the hea ted  f i l a m e n t  me thod  (D i = 0 .1  
r am,  D 2 = 1 r am,  ~ = 0 .45  ram) ,  a s p e c i a l  i n v e s t i g a -  
t ion was  made  to d e t e r m i n e  convec t ive  hea t  t r a n s f e r .  
The au thor  found tha t  convec t ion  began  at  a va lue  of 
G r h P r  = 2500, but  the  e = f (Gr5 P r )  c u r v e  lay  a p p r e -  
c i a b l y  be low the K r a u s s o l d - M i k h e e v  cu rve .  The G r  
n u m b e r  was  b a s e d  on gap width 5. 

In  the  p r e s e n t  p a p e r  an e x p e r i m e n t a l  i nves t i ga t i on  
has  been  m a d e  of the  dependence  of convec t ion  co -  
e f f i c ien t  in c y l i n d r i c a l  gaps  on the p h y s i c a l  p r o p e r t i e s  
of the  l iqu id ,  and  on the  s i z e  and loca t ion  of the  gap.  
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F ig .  3. Dependence  of e on G r h P r  ( s e m i -  
l o g a r i t h m i c  sca le ) :  1) K r a u s s o l d - M i k h e e v  
equat ion;  2 and 3) p r e s e n t  r e s u l t s  fo r  h o r i -  
zonta l  and v e r t i c a l  c y l i n d e r s ,  r e s p e c t i v e l y ;  

a) fo r  w a t e r ;  b) fo r  e thanol .  

The  e s s e n c e  of the me thod  is  an i nves t i ga t i on  of the  
e f fec t ive  conduc t iv i ty  in t r a n s m i t t i n g  hea t  th rough  

a gap enc losed  be tween  two c o a x i a l  c y l i n d e r s .  The 
i n n e r ,  hea ted  c y l i n d e r  is  a p l a t i n u m  w i r e  of d i a m e t e r  
D 1 = 0 .1  m m  s t r e t c h e d  out a long the ax i s  of a c y l i n -  
d r i c a l  g l a s s  tube ,  the  ins ide  wai l  s u r f a c e  of the g l a s s  
tube be ing  the  cold c y l i n d e r .  The gap s i z e s  chosen  
l ay  in the r a n g e  not  p r e v i o u s l y  s tud ied :  f r o m  1 .5  to 
6 .6  ram.  

D i m e n s i o n s  of the E x p e r i m e n t a l  Tubes ,  m m  

Length of Layer thick- Filament Outer diam. Inner diam. measuring 
diam. of tube of tube section ness (gap 5) 

0,1 
O, 1 
0.1 
0.1 

,l.89 
6,85 

II ,25 
15.60 

3.14 
5.12 
8.86 

t:1,30 

129 
129 
143 
133 

1 ,52  
2.51 
4,38 
6,60 

S i m i l a r i t y  t h e o r y  was  used  in g e n e r a l i z i n g  the 
r e s u l t s ,  and dur ing  the work  the dependence  a = 
= f ( G r 6 P r )  for  the  condi t ions  chosen  was  e x p l o r e d .  
The  r e s u l t s  w e r e  c o m p a r e d  with the  K r a u s s o l d -  
Mikheev  c o r r e l a t i o n .  

The  t h e r m a l  conduc t iv i ty  m a y  be  c a l c u l a t e d  f r o m  
the F o u r i e r  equat ion as  a pp l i e d  to e y l i n d r i c a l  s u r -  
f a c e s ,  

/. ln(DJD1) Q _ A Q (5) 
2 ~ l  A t  A t  

The amount  of hea t  t r a n s m i t t e d  Q is  c a l c u l a t e d  f r o m  
the va lue  of the  c u r r e n t  If and the vo i t a ge  d rop  Uf in 
the  m e a s u r i n g  s e c t i o n  of the  p l a t i n u m  f i l a m e n t  

Q = If uf. (6) 

The t e m p e r a t u r e  d rop  is At i = tf -- t w. The hea ted  
f i l a m e n t  s e r v e s  s i m u l t a n e o u s l y  a s  a r e s i s t a n c e  t h e r -  
m o m e t e r .  A p l a t i num w i r e  mounted  on the ou te r  

su r f a c e  of the wall  of the g l a s s  tube f o r m e d  a s e c -  
ond r e s i s t a n c e  t h e r m o m e t e r .  F r o m  the r e a d i n g s  
of these  two, the t e m p e r a t u r e s  of the hea ted  f i l e -  
men t  and of the tube wal l  may  be found. In c a l c u l a -  
t ing  the e f fec t ive  t h e r m a l  conduct iv i ty ,  a c o r r e c t i o n  
mus t  be made for  the t e m p e r a t u r e  drop  in the g l a s s :  

where 

hl,~-- ln(D3/D.2) Q (7) 

2 ~ l  ~w' 

Lw=0"815(1+0 '001tw)  w/m-~  

(0. 815 W / m  �9 ~ C i s  the  t h e r m a l  conduc t iv i ty  of m o l y b -  
denum g l a s s  at  0 ~ C). It is  known that  the hea t  l o s t  
f r o m  the  ends  of the p l a t i num h e a t e r  in the  c a s e  of a 
l iqu id  is  i n a p p r e c i a b l e ,  of the  o r d e r  of 0.5% [13]. 

The c u r r e n t  and vo l t age  in the  r e s i s t a n c e  t h e r -  
m o m e t e r s ,  and hence  tf ,  tw,  and Q, we re  m e a s u r e d  
by a c o m p e n s a t i o n  me thod ,  with the a id  of a P P T V  

p o t e n t i o m e t e r .  
The  m e a s u r e m e n t s  w e r e  done in c y l i n d r i c a l  m o l y b -  

d e n u m - g l a s s  tubes  of v a r i o u s  d i a m e t e r s ,  the d i m e n -  
s ions  be ing  those  in the tab le .  Dur ing  the m e a s u r e -  
m e n t s  the  tubes  w e r e  loca ted  in a l iquid t h e r m o s t a t  
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with double g lass  wal l s ,  between which wa te r  at con-  
s tant  t e m p e r a t u r e  was c i rcu la ted .  

In the p r e s e n t  work the effective t h e r m a l  conduc-  
t iv i ty  of wa te r  and 967c ethanol  was m e a s u r e d  in tubes  
of d i f fe rent  d i a m e t e r s ,  located hor i zon ta l ly  and v e r t i -  
cal ly.  

F o r  a l l  the m e a s u r e d  va lues  of kef, the convec t ion  
coeff ic ients  ~ and the products  G r 6 P r  were  ca lcu la ted ,  
us ing  handbook values  of the phys ica l  cons tan t s  [12]; 
a l l  the m e a s u r e d  and ca lcula ted  r e s u l t s  a re  given in 
Fig. 3. 

It may  be seen  f rom the r e su l t s  of our  t e s t s  (Fig. 3) 
that convect ion with v e r t i c a l  and hor izon ta l  m e a s u r -  
ing tubes  follows d i f fe rent  c u r v e s ,  both of which l ie  
considerably below the Kraussold-Mikheev curve. 
Therefore, the convection in the cylindrical gaps be- 
tween the heated filament and the tubes with 6 = I. 5 
to 6.5 mm is less than in large gaps with coaxial 
cylinders. Moreover, convection begins from Gr6Pr = 
= 1700. 

Our e x p e r i m e n t a l  curve  for  v e r t i c a l  cy l inde r s  may 
be divided into two p a r t s ;  for the reg ion  2400 < G r 6 P r  < 
< 35 000 the curve  is  de sc r i bed  by the equat ion 

= 0.465 (Gr 6 Pr) ~176 (8) 

and for  35 000 < G r h P r  < 170 000 

-~ = 0 , 2 8  (Gr~ Pr) ~ 1~7. (9) 

The d ive rgence  of the convect ion  va lues  in hor izon ta l  
and v e r t i c a l  cy l i nd r i ca l  l aye r s  i n c r e a s e s  with i n c r e a s e  
of the product  G r h P r .  

SUMMARY 

1. The r e su l t s  of the t e s t s  to inves t iga te  na t u r a l  
convect ion in heat  t r a n s f e r  through a l iquid l aye r  con-  
rained be tween coaxia l  cy l inde r s  have been c o r r e l a t e d  
in the fo rm s = f (Gr~ Pr), 

The expe r imen ta l  data fit two di f ferent  c u r v e s ;  one 
d e s c r i b e s  convect ion in hor izon ta l  c y l i n d e r s ,  the o ther  
in v e r t i c a l  cy l inde r s .  The cour se  of both cu rves  is 
independent  of the na tu re  of the l iquid and of the l aye r  
th i ckness  6. 

2. The value of a in hor izon ta l  cy l i nd r i ca l  l a y e r s  
is apprec iab ly  l a r g e r  than in v e r t i c a l  l aye r s .  

3. Accord ing  to our  data,  convect ion  in both v e r t i -  
cal and hor izon ta l  cy l i nd r i ca l  l a y e r s  is cons ide rab ly  
lower  than given by the Kraus so ld -Mikheev  equation.  

4. Convection in cylindrical layers for gap width 
i. 5 to 6.5 mm appears at Gr6Pr = 1700. 

NOTATION 

5-thickness of layer; s-convection coefficient; Xef-effeetive 
thermal conductivity; k-thermal conductivity; Gr 5-  Grashof num- 
ber; 8-coefficient of volume expansion; g-acceleration due to grav- 
ity; Atl-temperature difference; u-kinematic viscosity; Pr- 
Prandtl number; a-thermal diffusivity; Cp-specific heat at constant 
pressure; )'-specific weight; /-length of measuring section; Dz- 
internal diameter of glass tube; Dl--diameter of heater wire; Q-heat 
release; t f-temperature of filament; tw-temperature of internal 
wall surface; D3-extemal diameter of glass tube; kg-thermal con- 
ductivity of glass at temperature t; If-heater current; vf-voltage 
drop in measuring section of heated filament; At2-temperature drop 
in glass; Din-OUter diameter of inner cylinder; Dour-internal dia- 
meter of outer cylinder. 
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