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A s tudy was made of na tura l  convection in horizontal  cyl indrical  gaps .  For  hot tubes of 
sma l l  d i a m e t e r s ,  the convection fac tor  has been re la ted  not only to the Rayleigh number  
but a lso  to the geome t r i ca l  d imensions  (d iameter  of the hot tube and re la t ive  gap width). 
The const ruct ion of expe r imen ta l  tubes is a lso  descr ibed .  

In e a r l i e r  r epo r t s  [1, 2] the author has p re sen ted  the resu l t s  of an exper imenta l  s tudy concerning the 
na tura l  convection of heat  f r o m  thin Wires into the surrounding enclosed  space .  The author  analyzed the re  
how the convection fac tor  depends on the gap width 6, on the wire  length, and on the spat ia l  or ientat ion of 
the wi re .  

In this s tudy the author analyzed the effect  of the d i ame te r  of the hot cyl inder  on the r a t e  of na tu ra l  
convection during heat  t r a n s m i s s i o n  through hor izontal  cy l indr ica l -annu la r  gaps.  The heat  was supplied 
f rom an inner hot cyl inder  through a fluid (disti l led wa te r  or  96% ethanol) to an Outer cyl inder .  The con-  
vection factor  

e - -  Left (1) 

in this expe r imen t  was de te rmined  for tubes of equal lengths and with equal gap widths but different  d i a m -  
e t e r s  of the inner and the outer  cy l inders ,  

If the amount  of t r a n s m i t t e d  heat  and the t e m p e r a t u r e  drop between both cyl inders  a re  known, then 
the effect ive t h e r m a l  conduct ivi ty 

AQ 
~'eff .... --~--, (2) 

In D~ 
Dz 

with A - 2~[ can be de te rmined  by integrat ing the Four i e r  equation. The effect ive t h e r m a l  con-  

duct ivi ty ~-eff in tubes Nos.  1, 2, and 3 was m e a s u r e d  by  the "hot wi re"  method. A descr ip t ion of this me th -  
od can be found in [1, 3]. The dimensions  of those  tubes a r e  given in Table  1. 

Tube No. I was designed as conventional ly for this method of measu remen t .  It was made of molyb-  
denum-grade  glass  with a plat inum wi re  s t re tched  along the axis and heated with d i rec t  e l ec t r i c  cu r ren t .  
On the outside su r face  of the tube was wound another  plat inum wire  se rv ing  as a r e s i s t a n c e  t h e r m o m e t e r .  
In tubes Nos.  2 and 3 the plat inum wire  along the axis was rep laced  by a thtn.-wall nickel  tubule a lso  heated 
with d i rec t  e lec t r i c  cur ren t .  This nickel  tubule was cen te red  inside each g lass  tube by means of two 
Teflon washe r s .  These  w a s h e r s ,  with the tubule in between,  a l so  fixed the length of the t e s t  zone. Each  
tube was then plugged on both ends.  The t e m p e r a t u r e  of the hot tube and that  of the cold tube were  d e t e r -  
mined f r o m  the r e s i s t a n c e  of the nickel  tubule and that  of the external  plat inum t h e r m o m e t e r .  The amotmt 
of t r ansmi t t ed  heat  was de te rmined  f rom the cu r r en t  and the voltage drop a c r o s s  the t e s t  segment .  

The exper imen ta l  tube No. 4 was designed different ly .  The hot cyl inder  was made of s ta in less  s tee l .  
Inside it were  placed th ree  hea te r  e lements  in the f o r m  of wire  coils  wotmd arotmd g lass  tubes;  the main 
hea t e r  along the t e s t  s egment  and the two aux i l i a ry  ones at  the cyl inder  ends.  The t e m p e r a t u r e  of the hot 
cyl inder  was m eas u red  with six c o p p e r - e o n s t a n t a n  thermoeouples  fused into the cyl inder  wall .  A b r a s s  
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T A B L E  i. Dimens ions  of  the Tubes 

Item No..  l , imm 
J 

1 130 
2 130 
3 130 
4 130 

D i ,  m m  

0,1 
1 
3,35 

14,1 

DO., m m  

13.3 
12,85 
16,51 
27,67 

6, m m  

6,6 
5,92 
6,58 
6.785 

D~ Di 

133 I 66 12,85 5,92 
4,95 t,96 
1,96 0,48 
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Fig.  1. Convec t ion  f ac to r  e as  a function of  the Ray le igh  n u m b e r  Ra 5 (plotted to 
a s e m i l o g  sca le ) .  

Fig.  2. Convec t ion  f ac to r  e = f(DiSRa6 = cons t  as  a function of the d i a m e t e r  of  
the hot c y l i n d e r  Di (mmS: l)  t e s t  values  f r o m  [4]; 25 tes t  values f r o m  [5]; 3) t e s t  
values f r o m  this  s tudy;  a) Ra  6 = 3.2 �9 105; b) Rab = 2 -10s ;  c) Ra 5 = 1 -105. 

tube s e r v e d  as the ou te r  cy l inde r .  Its t e m p e r a t u r e  was a l so  m e a s u r e d  with six c o p p e r - c o n s t a n t a n  t h e r m o -  
couples .  The t e m p e r a t u r e s  w e r e  m e a s u r e d  by the compensa t i on  method.  The en t i r e  a s s e m b l y  was  p laced  
ins ide  a fluid t h e r m o s t a t .  

The t e s t  da ta  w e r e  eva lua ted  in t e r m s  of  the c r i t e r i a l  r e l a t ion  

e = f (Ras). (3) 

Here  Ra 5 = G r 6 P r  , Gr 5 = fi02gAT63/~72; P r  = r /Cpg/k.  

The  th i ckness  6 of  the f luid l a y e r  was  s e l ec t ed  as the r e f e r e n c e  d imens ion  for  ca l cu la t ing  the R a y -  
le igh  n u m b e r .  The  r e s u l t s  a r e  shown in Fig.  1. C u r v e s  1, 2, 3, and 4 r e f e r  to tubes Nos .  1, 2,  3, and 4, 
r e s p e c t i v e l y .  Curve  5 r e p r e s e n t s  the va lues  of  ~ b a s e d  on the C r o u s e h o l d - M i k h e e v  equat ion 

= 0.105 (Ra0) ~ . (4) 

The g raph  indicates  that,  for  coaxia l  cy l inde r s  of  equal lengths l, and of equal gap widths  5, the convect ion  
f ac to r  depends  no t  only  on the R a y l e i g h  n u m b e r  but a l so  on the d i a m e t e r  of the hot inner  cy l inder  Di: it 
d e c r e a s e s  when this d i a m e t e r  b e c o m e s  s m a l l e r .  The C r o u s e h o l d - M i k h e e v  equation yie lds  values  of  the 
convect ion  f ac to r  which  a r e  too high for  sma l l  c y l i n d e r s .  

In o r d e r  to d e t e r m i n e  the effect  of Di, should  that  d i a m e t e r  of  the inner  cy l inde r  be va r i ed  ove r  a 
r ange  as  a wide as  in this s tudy,  Grigul  and Haul [4] as  well as  Beckmann  f5] had plot ted cu rves  of e 
= f(Di) for  cons tan t  va lues  of  Ra 5 (Fig.  25. It is quite evident  tha t  the dependence  of  the convect ion  fac tor  
on the d i a m e t e r  of  the hot cy l inde r  b e c o m e s  g r a d u a l l y  weake r  and eventua l ly  c e a s e s  as  this d i a m e t e r  b e -  
c o m e s  l a r g e r .  An explanat ion  fo r  such  a t r end  is ,  appa ren t ly ,  tha t  at  sma l I  d i a m e t e r s  D i the deve lopment  
of a f r e e  f low a round  a ho t  ho r i zon ta l  cy l inder  depends l a r g e l y  on the s i ze  of the s u r f a c e  (2vri) a long 
which  the hea ted  l iquid f lows.  

L e t  us now cons ide r  the convec t ion  f a c t o r  as  a function of the r e l a t ive  gap width. The c u r v e s  of  
= f(6/Di5 in Fig .  3 have been p lo t ted  for  cons tan t  va lues  of Ra 5 on the bas i s  of  the t e s t  da ta  in this s tudy  
as  well  as  in [4] and [5]. It is quite evident  tha t  the convec t ion  f ac to r  b e c o m e s  m a x i m u m  when 6 / D  i ~ 1 .  

It d e c r e a s e s ,  as the re la t ive  gap width is f u r t h e r  i nc r ea sed  up to 5 / D i  - 6 and leve ls  off to an a l m o s t  c o n -  
s tunt  value when 6 / D i  > 6. The  t r end  of this  re la t ion  should  be of  s o m e  sig, n i f i cance  for  the solut ion of 
eng inee r i ng  p r o b l e m s .  
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Fig. 3. Convection fac tor  as a function of the re la t ive  gap width, a t  constant  
values  of Rub: 1) according  to this study; 2) accord ing  to the data in [4]; 3) 
according to the data in [5]; a) Ra 6 = 3.2.105; b) 2 "105; c) 1.105.  

Fig. 4. Convection factor  e as a function of Ra m (plotted to a l o g - l o g  scale) ,  
based  on m e a s u r e m e n t s  made in: 1) tube No. 4 (D i = t4.1 ram); 2) tube No. 3 
(D i = 3.35 ram); 3) tube No. 2 (D i = 1.0 mm).  

Severa l  empi r i ca l  equations for calculat ing the convection fac tor  have been proposed in [1, 4 , 5]. 
The tes t  data of this study, except  those per ta in ing to tube No. 1 (Di = 0.1 mm) ,  may be genera l ized  by 
the c r i t i ca l  equation 

e = 0.17 (Ram) ~ 

appl icable  within the range  1800 < Ra m < 600,000. 

He re ,  as  has been suggested in [6], the cha r ac t e r i s t i c  length m = 4 r a r i l n r  a / r  i is used for ca l -  
culating the Rayleigh number  and, consequently,  

~P2gAT [ r--~--~ 13 Pr. 
Ra,,, - ~f" Ll/'r"-~l In rl J 

(5) 

The resu l t s  of these calculat ions a r e  shown in Fig. 4. The s c a t t e r  of t es t  values does not exceed 10%0 and 
is random,  re la ted  to the m e a s u r e m e n t  e r r o r  as well  as to the e r r o r  in the values of the the rmophys ica l  
p rope r t i e s  used for calculat ing the Rayleigh number .  

It is to be noted that the deviation of t es t  points f rom curve  5 in Fig. 1, which has been calculated 
accord ing  to the C r o u s e h o l d - M i k h e e v  equation, is sys t ema t i c  and dependent on the d i a m e t e r  D i. Fo r  
smal l  d i ame te r s  Di this deviation of tes t  points f rom the universa l  curve  is up to a lmos t  50%. 
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R a m  

N O T A T I O N  

is the length of the t es t  zone; 
a r e  the outside radius  and d i ame te r ,  r e spec t ive ly ,  of the hot inner cyl inder;  
a r e  the inside radius  and d i a m e t e r ,  r e spec t ive ly ,  of the outside cyl inder;  
is the gap width; 
is the effect ive the rma l  conductivity; 
m the ins t rument  constant;  
zs the amount  of t r ansmi t t ed  heat; 
m the t e m p e r a t u r e  drop between hot and cold cylinder;  
~s the convection fac tor ;  
,s the molecu la r  t h e r m a l  conductivity; 
zs the Grashof  number  r e f e r r e d  to the gap width; 
zs the Prandt l  number ;  
zs the t he rm a l  volume expansivi ty;  
zs the density; 
is the acce le ra t ion  due to gravi ty ;  
ts the dynamic viscosi ty ;  
is the spec i f ic  heat  at constant  p r e s s u r e ;  
,s the Rayleigh num ber  r e f e r r e d  to the gap width; 
ts the cha r ac t e r i s t i c  dimension; 
Ls the Rayleigh number  r e f e r r e d  to the c h a r a c t e r i s t i c  d imension.  
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