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An empirical formula is obtained for the convection coefficient in 
a closed parallelepiped. 

Cons ide r  the  n a t u r a l  convec t ion  in a c l o s e d  vo lume 
(Fig.  l a )  in which one of the bounding s u r f a c e s  (shaded) 
is he ld  at  the  t e m p e r a t u r e  t h whi le  a l l  o ther  s u r f a c e s  
a r e  he ld  a t  the t e m p e r a t u r e  t c, whe re  t h > t e. We 
s h a l l  r e f e r  to the s u r f a c e s  a t  t h and t e a s  the h e a t e r  
and the c o o l e r ,  r e s p e c t i v e l y .  

Heat  t r a n s f e r  in a c l o s e d  space  can be a n a l y z e d  in 
a m a n n e r  analogous  to that  u sed  for  inf ini te  l a y e r s ,  
with the add i t iona l  condi t ion that  the p r o c e s s  is t h r e e -  
d imens iona l .  The p a r a m e t e r s  govern ing  n a t u r a l  c o n -  
vec t ion  in a c l o s e d  s p a c e  a r e  

~,, cp, ~, p, g~,  ~}, h, lx, 1~, ~x, a2; (1) 

w h e r e  cq and o~ 2 denote the f i lm coef f i c ien t s  be tween  
the fluid and the hot  and cold  s u r f a c e s ,  r e s p e c t i v e l y .  
In th is  w o r k  we sha l l  d e r i v e  a f o rmu la  for  the o v e r a l l  
hea t  t r a n s f e r  coe f f i c i en t  be tween  the h e a t e r  and the 
c oo l e r ,  

k = Q/~ S. (2) 

We in t roduce  the not ion of an equ iva len t  t h e r m a l  
conduct iv i ty .  We a s s u m e  tha t  the  vo lume is f i l l ed  
with a so l id  m a t e r i a l  with conduct iv i ty  Xeq and that  
the to ta l  conduct ive  hea t  f lux th rough  the so l id  is  
equal  to the to ta l  convec t ive  hea t  flux th rough  the 
fluid. Let  the o v e r a l l  hea t  t r a n s f e r  coef f ic ien t  and 
the equ iva len t  t h e r m a l  conduct iv i ty  be r e l a t e d  by 

k = X~qfh. (3) 

Tak ing  account  of (2) and (3), we can r e w r i t e  the 
s y s t e m  of p a r a m e t e r s  govern ing  the p rob l em in the 

fo rm 

)~eq, ~', Cp, ~1, P, g~,  •, h, Ix, l~. (4) 

E x p e r i e n c e  shows tha t  within a d e g r e e  of a c c u r a c y  
su f f i c ien t  for  a l l  p r a c t i c a l  p u r p o s e s  the two p a r a -  
m e t e r s  11, 12 can be r e p l a c e d  by  a s ingle  equ iva len t  
d i m e n s i o n  l ,  which we sha l l  def ine p r e s e n t l y .  Thus 
i t  is  r e q u i r e d  to  f ind the funct ional  r e l a t i o n  be tween  
the equ iva len t  conduct iv i ty  Xeq and a l l  o ther  p a r a -  

m e t e r s  of (4), 

~eq=T(3,, cp, n, P, g ~ ,  8 ,  h, l). (5) 

Apply ing  to ( 5 ) d i m e n s i o n a l  a n a l y s i s ,  we obtain [3 ]  

e~ = T (Gr, Pr, Z). (6) 

Let  us a s s u m e  tha t  the funct ional  r e l a t i o n  (6) is of 

the  fo rm 

ek = DoZ'~ (GrPr) n. (7) 

Tak ing  into account  known r e s u l t s  r e g a r d i n g  c o n v e c -  
t ion in inf ini te  l a y e r s ,  we can  a s s u m e  that  the p r o c e s s  
of convec t ion  in a c lo sed  space  wi l l  depend on the 
o r i en t a t i on  of the hea ted  s u r f a c e  with r e s p e c t  to the 
volume.  Fo l lowing  D. M. B o y a r i n t s e v  [1], we i n t r o -  
duce the coef f i c ien t  L, def ined as  the r a t i o  of the path 
fol lowed by the convec t ive  c u r r e n t  a long the hea ted  
s u r f a c e  unt i l  i t  m e e t s  the cold  s u r f a c e  to the  v e r t i c a l  
he igh t  of tha t  path.  A c c o r d i n g l y ,  L = 1 o r  3 for  v e r -  
t i c a l  or  h o r i z o n t a l  h e a t e r s ,  r e s p e c t i v e l y .  * 
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Fig .  1. Schema t i c  p i c tu re  of the bounded vo lumes  (a), 
c o o l e r s  {b), and h e a t e r s  (c). 

To take account  of the  o r i en ta t ion ,  we in t roduce  th is  
coef f i c ien t  into (7), to obtain 

ek = DoZ'~ (Grpr L)". (8) 

We now r e p r e s e n t  the p roduc t  DoZ~ n in the fo rm 

DoZ'~ ~ = Do (1 + h/ l )% (9) 

so that  as  l tends to inf ini ty  we wi l l  r e c o v e r  the known 
r e s u l t s  for  inf ini te  l a y e r s  [ 1 , 2 , 4 - 6 ] .  Thus we r e p r e -  
s e n t  the convec t ion  coe f f i c i en t  of the bounded s p a c e  by 
the funct ional  r e l a t i o n  

e~ = Do ( 1 + h/~) "~ (GrPr L) ~. (10) 

*The r a t i o  L = 3 fol lows f rom the a s s u m p t i o n  that  
the h o r i z o n t a l  length of each  convec t ion  ce l l  in a h o -  
r i z o n t a l  l a y e r  is equal  to twice  the he ight  of the l a y e r  

[1]. ( T r a n s l a t o r . )  
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We shal l  de t e rmine  the coeff ic ients  Do, m,  and n 
f rom exper imen t s .  

The expe r imen t s  were  c a r r i e d  out with t he  m o d e l s  
shown in Fig. lb .  The coo le r s  had the form of a 
pa ra l l e lep iped  and were  made  of 2 m m  a luminum 
sheet.  The hea t e r s  (Fig. l c )  were  in the form of flat  
pa ra l l e lep ipeds  and were  so cons t ruc ted  that  the t e m "  
pe ra tu r e  field w a s  p rac t i ca l ly  uni form.  All  su r faces  
of the hea te r s  and coolers  were  painted with a paint  
having an e m i s s i v i t y  of 0.92. The d imens ions  of the 
coolers  ( inner d imens ions )  and the hea t e r s  (outer 
d imens ions )  a r e  given in the table.  The hea te r s  
were  fas tened to the coolers  in such a m a n n e r  that  
the heat  flux through the i r  contact  a r e a  was negl ig ib le  
with r e spec t  to the total  flux. 
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Fig. 2. Convection coeff icients  of bounded 
spaces .  1,2,  3) Models No. 1, 2, and 3, r e -  
spect ively;  a - - v e r t i c a l  or ienta t ion;  b - - h o r i -  

zonta l  or ien ta t ion .  

When s teady state  was reached,  the t e m p e r a t u r e  of 
the hea te r s  and the coolers  was m e a s u r e d  a t  9 and 16 
points by means  of d i f fe rent ia l  coppe r - cons t an t an  
thermocouples  (0.30 and 0.28 d i ame te r  wires) .  The 
read ings  of the thermocouples  were  used to ca lcula te  
the s u r f a c e - m e a n  t e m p e r a t u r e s  of the hea te r  and the 
cooler .  The hea te r  was fed from a s tab i l ized  voltage 
source .  The power d i ss ipa ted  by the hea te r  was 
m e a s u r e d  with a p rec i s ion  wat tmeter .  

In the v e r t i c a l - h e a t e r  mode l s ,  the heat  flux from 
the hea te r  to the cooler  is t r a n s m i t t e d  by convect ion 
and rad ia t ion  in the ve r t i ca l  l a t e ra l  spaces and by r a -  
diat ion and conduction through the a i r  gap between 
the edges of the hea ter  and the cooler .  In the h o r i -  
zon ta l -hea t e r  m o d e l s ,  the heat  flux is t r a n s m i t t e d  by 
rad ia t ion  from al l  su r f ace s ,  by convect ion in the upper  

hor izonta l  space,  and by conduction in the lower space  
and between the edges of the hea ter  and the cooler .  
The re fo re ,  t o  de t e rmine  the convect ive hea t  flux, the 
rad ia t ive  and conductive heat  fluxes were  sub t rac t ed  in 
both cases  f rom the total  power d i ss ipa ted  by the 
hea te r .  

The equiva lent  t h e r m a l  conductivi ty was ca lcula ted  
f rom the formula  

Qh 
~eq (i I ) 

(t h -  t,o) S 

The r e su l t s  were  c o r r e l a t e d  in t e r m s  of d i m e n s i o n -  
less  groups.  The physica l  p a r a m e t e r s  in the groups 
were  evaluated  at the r e f e r e nc e  t e m p e r a t u r e :  

t m ----0.5 (th-+- to). (12) 

F igure  2 co r r e l a t e s  the exper imen ta l  r e su l t s  accord ing  
to re la t ion  (10) in logar i thmic  coordinates .  The slope 
co r responds  to n = 0.25 and the in te rcep ts  on the o r -  
dinate axis r e p r e s e n t  the values  of the product  D0 Zm. 

Choosing l = ~r~ i 12 as the equivalent  d imens ions  
of the hea te r ,  we can r e p r e s e n t  re la t ion  (9) in loga-  
r i thmic  coordinates  (Fig. 3). This  yields  the values  
D o = 0.24 and m = 4.15. The e m p i r i c a l  fo rmula  for 
the convect ion coeff ic ient  is then 

ek : 0.24 (1+ h/l) 4"15 (GrPr L) ~ (13) 

for p a r a m e t e r s  in the range  

2.5.105 ~ GrPr L ~1.2.107, 

0.18 ~ h / l  -(..0.40. 

This  fo rmula  c o r r e l a t e s  the exper imen ta l  data within 

7%. 
Due to the lack of published data on the convect ion 

coeff ic ient  in a para l le lep iped ,  we could not compare  
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2) 

Fig. 3. Dependence of D0Z m 
on the ra t io  h / l .  

our  r e su l t s  with those of other authors .  The re fo re  we 
shal l  use the following device:  We a s s u m e  that  in (13) 
h / l  = 0 (infinite l ayer )  and we compare  our r e su l t s  

Geomet r ic  Dimens ions  of the Models (in m) 

No.  of  La L2 La ll l~ 18 h 
Model 

0.339 
0.296 
0.339 

O. 339 
O. 572 
0.339 

O. 130 
0.200 
O. 240 

O. 337 
O. ')95 
0.337 

0. 337 
0.570 
0.337 

0.013 
0.013 
0.013 

0.061 
0,094 
0.114 
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with known data on the convect ion coeff ic ient  in i n f i -  
ni te  l ayers  (Fig. 47. The r e su l t s  of this compar i son  
allow us to conclude that  the range  of appl icabi l i ty  of 
(13) can be extended to 

O~ h/l ~0.40, 104 ~.. GrPr L ~ 109. 

F o r m u l a  (13) can be r e w r i t t e n  in the form 

ek := A0h(1-k h/l)4"lsr176 (147 

where  

A0= 0.24 ([} g Pr)~ ~ 

Here  fl is m e a s u r e d  in  (~ -1, g in m .  see-2;  v in m 2 �9 
sec -1, h in m ,  and L ~ = 1 for the ve r t i ca l  o r i e n -  

ta t ion and L ~ 25 = 1.3 for the hor izon ta l  or ienta t ion.  

The values  o f A  0 f o r a i r a t t  m = 0 ,  50, 100, and 2 0 0 " C  
a re  26.6, 21.3, 18.2, and 14.0, r e spec t ive ly .  

The overa l l  heat  t r a n s f e r  coeff ic ient  be tween  the 
hea te r  and the cooler  is given by the fo rmula  

where  A = A 0 X W" m -7/4 �9 C -5/4. The values  of A for 

a i r  at t m = 0, 50, 100, and 200* C, a re  0.63, 0.58, 
0.56, and 0.44, r e spec t ive ly .  

NOTATION 

k) thermal conductivity; Cp) specific heat at constant pressure; 
and v) dynamic and kinematic viscosity; ~) coefficient of thermal 

expansion; ~) temperature drop between heater and cooler; a) thermal 
diffusivity; p) density; Q) convective heat flux between heater and 
cooler: t h and tc) surface-mean temperatures of heater and cooler, 

respectively., S) area of heating surface of heater., z '  ek- = ke'~/k)-4 dim- 
easionless convection coefficient; Gr = g8 h~/~ ; Pr = u/a) Grashof 
and Prandtl numbers; Z = h/l ; Do, m and n) numerical coefficients. 

t~ ~K 

1.5 
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4 5 6 7 8 9 t~ 6r prL 

Fig.  4. Compar i son  of p r e s e n t  r e s u l t s  with 
publ ished data  on the convect ion coeff ic ient  
of inf in i te  l a ye r s .  17 Our data; 27 [5]; 3,47 

[1]; 5,6)  [61; 77 [51; 8) [4] .  
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