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GRAPHICAL INTERPRETATION OF THE LOCAL HEAT TRANSFER CORRELA- 
TION EQUATION WITH COMBINED FREE AND FORCED CONVECTION 
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An account is given, illustrated by an example,  of a graphical 
interpretation and of an examinat ion of the correlation equation 
for local heat transfer with combined free and forced convection 
in a tube in which hydrodynamic flow stabilization occurs but 
thermal stabilization is absent. 

The literature presently contains papers in which 
correlations are made, to greater or less degree, of 
heat transfer data in conditions of free, mixed, and 

forced convection~ 
Watzinger and Johnson [2] have drawn attention to 

the fact that the cooling of a low-viscosity fluid in a 

laminar regime by the combined action of free and 
forced convection and at large values of the group 
Gr o Pr may be described in certain cases by the heat 

transfer equation for free convection~ 
By analytic solution of the system of differential 

equations for convective heat transfer, Ostroumov [3] 
obtained a solution which includes both free convection 

and forced flow as special cases~ 
.Eckert, Drake, and Meteis [I, 6], in the coordinates 

ff, e---Gr �9 Pr d/l have generalized results of investiga- 
tions for various regimes of forced, mixed, andfree con- 
vection in tubes and channels and have established the 
regions of laminar, transitional, andturbulent regimes. 

Sparrow, Eichhorn, and Gregg [4] have investigated 

analytically the conditions for simultaneous action of 
free and forced comrection for heat transfer with non- 
established velocity fields, putting forward their final 

solution in the form of approximation relations re- 
commended for use at characteristic ratios Gr/Re2o 

Shevchik [8] obtained a solution for simultaneous 
action of free and forced convection in laminar flow 

over a vertical flat plate by expansion in series of the 
flux and temperature functions in terms of the param- 
eter Gr/Re 2o 

From a generalization of the factors acting under 
conditions of both free convection and forced flow, 
Buznik and Vezlomtsev [5] proposed a generalized 
form of a correlation equation for heat transfer in ex- 
ternal flow over bodies o Mayatskii, for an internal 
problem [7], attempted to represent the physical mod- 
el of free convection in such a way as to reduce solu- 

tion of the heat transfer problem to an application of 
the relations obtained for forced flow in tubes~ The 
investigations of [5] and [7] have been reduced to com- 

putational relations~ 
Reference [I0] described an investigation of local 

heat transfer in a tube for the case of combined action 

of free and forced laminar flow in conditions of prior 
hydrodynamic stabilization. The test data were pro- 

cessed in the form of the correlation relation 

which is shown in Fig~ Io The following characteristic 
special features of the experimental curve are evident 
from the figure: 

10 The function Nt~ (,~) 1 is not monotonic~ For a 

// 
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Fig. I. Experimental curves for the function ,~u (.~)-I 

=/(pc d__ifor Gr .Pr-< 105 (i), 2.8 �9 105 (2), 6.5 o105 (3), 

1.5 �9 106 (4) and 3.4 �9 10 ~ (5). 
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T a b l e  1 
Nu 

C o m p u t a t i o n  S e q u e n c e  f o r  t h e  Q u a n t i t y  ~ (#)  - 1 
• o 

d 
P e - -  10 30 50 100 300 500 1000 1500 

l 

/ d )1.29 
( P e -  T 19.5 80 155 380 1500 3020 7410 12600 

50.7.103 
A - -  2600 634 327 134 6 .85 4.02 

A 
G r . P r = 5 - 1 0 5  , B - -  t .v)'Gr'-~r "~ 98 23.9 12.3 5 .13 

33.8 

1.27 

16.8 

0 .63 

(Gr- Pr) ~ = 

= 26,5,  

lGr .Pr - -  
_ 10~]o.25=_ 25.1 ' 

D 

Pe d 
l 

I8 .4  6.14 3 .68 1.84 0,61 0 .37 

0-26 

0.18 

0 .15  

4620 O--- 
25.1 

-~ 184. 

0 .12 

e x p ~ - - I  108 467 38.8 5.31 0 .85 0.44 1 0 . 2 0  0 .13 

10-6 0.05 0.32 0.97 1.48 1.44 1.26 

Nil 
Nuo (p) - -  1 = 

B 

exp ~ - -  1 

1.14 

T a b l e  2 

Nu 
C o m p u t e d  V a l u e s  of  t h e  F u n c t i o n  ~ (#)  - 1 

i,~u o 

Nu d - - ( : , . ) - -  ! a t  P e - -  
Nuo 1 Gr. Pr 

10 3O 50 100 300 5OO 1000 1500 

i .  1- 105 0 0 0.002 0.07 0.51 0.61 0,64 0.615 

2 .10 ~ 0 0.005 0.086 0.51 1.16 1,17 1-08 1.00 

5.10 ~ 0 0.051 0.318 0,967 1.48 1,44 1.26 1.14 

10 ~' 0 0.134 0.54 1.22 1.65 1,52 1,36 1.21 

10- 0.01 0.78 1,38 1.87 1.91 1,67 1.40 1.25 

108 0.26 1.73 2.17 2,27 2.00 1,75 1.42 1.25 

10s 1.17 2-58 2.69 2.54 2 . 1 1  1.76 1.43 1.26 

101~ 2.48 3.20 3 ,05 2.74 2.14 1.77 1-45 1.27 

iO n 3.62 3.53 3.23 2,81 2.22 1.82 1.47 1.28 
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N u  " 
cons tan t  va lue  of Gr �9 P r ,  the  quant i ty  ~ (p ) - -  1 a t  

d f i r s t  i n c r e a s e s  with i n c r e a s e  of P e - - ,  r e a c h e s  a m a x -  
l 

imum,  and then beg ins  to d rop ,  tending  to ze ro  a s  
d 
I 
2. To the lef t  of the  m a x i m a  the f a m i l y  of  c u r v e s  

with v a r i o u s  Gr o P r  va lue s  f o r m s  a bundle conve rg ing  

to the  o r ig in  of c o o r d i n a t e s ,  as  Pc d d e c r e a s e s .  
l 

3~ With i n c r e a s e  of Gr o P r  the  m a x i m u m  i s  d i s -  
d 

p l aced  t o w a r d s  the  r e g i o n  of s m a l l e r  v a l u e s  of P e - - .  
l 

4o With i n c r e a s e  of Gr o P r  the  quant i ty  N_~u (F) _ 1 
Nu 0 

c l e a r l y  t ends  to some  l imi t ;  the  d i s t ance  be tween  
ne ighbor ing  c u r v e s  d e c r e a s e s  in  going to a h igher  
c u r v e  o 

A n a l y s i s  showed that  the  c u r v e s  obta ined  cannot  be 
d e s c r i b e d  by a p o w e r - l a w  c o r r e l a t i o n  equat ion 

R e f e r e n c e  [10] p r e s e n t s  a r g u m e n t s  on which an  i r a -  
p roved  c o r r e l a t i o n  equat ion  i s  b a s e d .  This  equat ion  
has  the  fol lowing g e n e r a l  f o r m :  

d )~ Nu0 ( Pe 

! 
x 

{exp ! c , , J  ( Pe d )~ IGr. P r - -  (Or. Pr)init]~.,i--] I 
, , - T ,  J I 

c:~ (2) 
(Gr. PrF~ 

It was established, f rom the analysis of the eq.ua- 
t ion p e r f o r m e d  and by ca lcuJa t ion ,  tha t  the fol lowing 
r e l a t i o n s  m u s t  hold: 

n~=n0 ~s and ~:~=nl. 

F o r  the  e x p e r i m e n t a l  cond i t ions  n o = 0.29, n 2 = 1 o0, 
n 1 = 1 . 2 9 ,  n 3 = n  4= 0.25, e 1 = 2 3 8 0 ,  c 2= 4620, c 3= 
= 21.3, Eqo (2) t a k e s  the fo l lowing computa t iona l  f o r m :  

(r0 - -  1 = 50 .7 .10~  

i )< iexp 4620 ] ] (Or. Pr):' 2.5 (2a) 
i pe d (G~Pr_10~)0.25j 

l 

The fol lowing l i m i t s  for  v a r i a t i o n  of the  s i m i l a r i t y  
c r i t e r i a  have been  i n v e s t i g a t e d  e x p e r i m e n t a l l y :  Re = 
= 20-2500 ;  Gr = 7 o 103-1.2 �9 106; P r  = 8 .5-2o8;  Gr ~ 
o P r  = 5 o 1 0 ~ - 3 , 4  o 1 0 6 o  

Table  I shows the  compu ta t i ona l  sequence  for  the  

quant i ty  X u  (p) 1 for  the c u r v e  w i t h G r  " P r = 5  o105o 
Yue 

However ,  if, in a c c o r d a n c e  with the i d e a s  of r e f -  
e r e n c e  [9] conce rn ing  the def in i t e  c o n s e r v a t i o n  of p r o p -  
e r t i e s  of the  bounda ry  l a y e r ,  i t  i s  sugges t ed  tha t  the 

l aws  d e s c r i b e d  by Eq. (2) wi l l  hold  even beyond the 
l i m i t  of the  m a x i m u m  va lues  of Gr �9 P r  i n v e s t i g a t e d  
e x p e r i m e n t a l l y ,  e x t r a p o l a t i o n  of th i s  equat ion i s  p o s -  
sibleo 

NU, ,~  t "s p F 

17 

']i 
iI -\ \ 
aJJ \ \ 
m " 

I I  / ~ " -  
I I /  
Ill/ 

t if I [ / . "~ 
111 I / 
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Fig .  2. Ca lcu la t ed  cu rved  c o n s t r u c t e d  
f r o m  Eq. (2a) with Gr"  P r  = 1.1- 105 (1), 
2.10 5 (2), 10 6 (3), 10 7 (4), 10 8 (5), 10 9 

(6), i0 t~ (7), and 1011 (8);the first bound- 

ary curve--from Eq. (7a)--a, the second 

boundary curve--from equation (10a)--b 

(regimes: I - - l a m i n a r ,  H--transitional, 

HI- - tu rbu len t ) .  

Table  2 shows c a l c u l a t i o n s  of Nu ( a ) - -  I for  c u r v e s  
Nu e 

wi th  v a l u e s  of Gr �9 P r  f r o m  1.1 ~ 105 to 10 l l .  
A c o r r e l a t i o n  equat ion of type  (2) a l lows  us not only 

to d e t e r m i n e  the hea t  t r a n s f e r  r a t e  in the  l a m i n a r  flow 

r e g i o n  for  v a r i o u s  r e l a t i v e  v a l u e s  of Pe d and Gr o 
l 

o P r ,  but a l so  to def ine  the  r e g i o n s  of l a m i n a r ,  t r a n s i -  
t ion,  and t u r b u l e n t  flow ove r  the whole r ange  of p o s -  
s ib le  ac t ive  condi t ions  of f r ee  convec t ion  and fo rced  
flowo We sha l l  de s igna t e  

= ,~ .  (3) 
Pe d i " ~  [Gr. Pr (Gr. Pr)inir i"' 

, l /  

As is known, the quantity exp a - I may be expand- 

ed in a Taylor series, i. e o, 

e x p o _ _ l =  G + o~_+ o :~ ~ .... 
I! 2~ 3[ 

F o r  s m a l l  va lue s  of (r we m a y  r e s t r i c t  a t ten t ion  to only 
the  f i r s t  t e r m  of the r i g h t  s ide .  Hence i t  fo l lows tha t  

{{( c t lira exp d ~" "- - - *  t =  
Pe - -  / -IGr. Pr - -  (Or. Pr)initl~:~t ) 

t , )  
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C 2 

(Pe -)n ,Or Pr--(Or 
a s  { ( p c  d \  . . . .  ~ - )  [Gr. Pr - -  (Gr. Vr)init]"} -,- w.  (4) 

To d e t e r m i n e  the e q u a t i o n  of  the  b o u n d a r y  c u r v e  
b e t w e e n  the  l a m i n a r  and t r a n s i t i o n  r e g i m e s ,  a s  a r e f -  
e r e n c e  we m a d e  u s e  of  a po in t  w h i c h  h a s  f r e q u e n t l y  
b e e n  de f i ned  b y  i n v e s t i g a t o r s .  I t  w a s  a s s u m e d  t h a t  t he  
l a m i n a r  r e g i m e  wi th  Re  = 2150,  P r  = 3 .8 ,  P e  d / l  = 
= 525, .  Gr  �9 P r  = 1.5 " 106 w i l l  u n d e r g o  t r a n s i t i o n .  The 
r a t i o  ( / / d ) m e a  s w a s  equa l  to  15,6 [10] in  the  c o n d i t i o n s  
of  the  t e s t .  

T a b l e  3 

C o o r d i n a t e s  of the  B o u n d a r y  C u r v e s  

1Nuo 2 

1,1.108 
2.10 ~ 
5. 108 

106 
107 
10 s 
10~ 
10,o 
1011 

10 
17.8 
25.1 
30.9 
56.2 

I00 
178 
316 
562 

1805 
1030 
720 
584 
321 
180 
101 
57.2 
32.1 

1.07 Ii 8370 
1,26 ] , 4700 
1,40 ] 3340 
1.48 t 2710 
1.76 1490 
2.09 837 
2.47 470 
2.91 265 
3.44 [ 149 

A s  i s  u s u a l  we  s h a l l  c a l l  t he  c u r v e  b e t w e e n  the  l a m -  
i n a r  and t r a n s i t i o n a l  r e g i m e s  the  f i r s t  b o u n d a r y  c u r v e .  
F o r  t h i s  c u r v e  

4620 
~ - -  1 = 0.256. (3a) 

2150.3.8 [(15 - -  1). 10Sl ~ 
15.6 

Then  exp ~i - 1 = 0.30,  exp  ~l - 1)/r  = 0 . 3 0 / 0 2 5 6  = 
= 1.17 .  

T h e r e f o r e ,  f o r  the  l i m i t i n g  f o r m  of the  e q u a t i o n  w e  
m a y  w r i t e  

exp(~ 1 - -  1 = 1.17~,. (5) 

S u b s t i t u t i o n  of the  q u a n t i t y  1.17 cr I in  p l a c e  of  
exp  ~l - 1 b r i n g s  Eq .  (2) in to  the  f o r m  

Nu ~ . q 

Pc ~-d/~" [Gr. Pr (Gr. Pr) init ]n~ I ,t ca 

1.17c~ (Gr. Pr)"~ 
(6) 

If we  n e g l e c t  the  q u a n t i t y  (Gr ~ P r ) i n i t i a l  ( for  Gr  . 
. P r  = 1.5 . 106 and (Gr . P r ) i n i t i a l  = 105 the  e r r o r  in  
t he  c o m p u t a t i o n s  w a s  abou t  1%), we  m a y  r e d u c e  the  
q u a n t i t i e s  [Gr. Pr - -  (Gr. Pr) ini  t in, and (Gr. Pr) n', s i n c e  n a = 
= n 4. Then  we o b t a i n  

Nu ] clca 1 

, 1.17c e (Pe  "'-"~ (7) 

E q u a t i o n  (7) i s  the  e q u a t i o n  of the  b o u n d a r y  c u r v e  
b e t w e e n  the  l a m i n a r  and t r a n s i t i o n a l  r e g i m e s  t h r o u g h -  
out  the  r a n g e  of  R e y n o l d s  n u m b e r s  c h a r a c t e r i s t i c  f o r  

l a m i n a r  i s o t h e r m a l  f low.  It  h a s  t he  f o r m  of  a g e n e r a l -  
i z e d  h y p e r b o l a .  

F o r  the  b o u n d a r y  c u r v e  we  m a y  c a l c u l a t e  the  r e l a -  
t i v e  v a l u e s  of P e  d / l  and Gr  �9 P r .  S ince  the  v a l u e  of  
~1 i s  c o n s t a n t  in  t h i s  c a s e ,  by  u s i n g  Eq.  (3), we  m a y  
w r i t e  

'Pei] ----' 

o r  

[Gr-Pd,  := I 

C2 I 1~he 
o, lGr- Pr - -  (Gr. Pr) init]~ ~ J 

(8) 

C2 ] I /n. 
a , ( p e d ) [  ' § (Gr 'Pr) ink" (9) 

The n u m e r i c a l  f o r m  of  E q s .  ( 7 - 9 )  f o r  t he  c o n d i -  
t i o n s  of  the  e x p e r i m e n t  c o n d u c t e d  w i l l  be  a s  f o l l o w s :  

Nu ] 2380.21.3 (Ta) 
Nuo (~t)--  1 1 = 1.t7.4620 

l 9.4 

(p Al 

[ ,8o0o 
Pe ~ -  l = ( G r . P r - -  10~) 0"25 

[Gr .Prl, == Pe q - l 0  s. (9a) 

S i m i l a r l y ,  we  m a y  f ind  the  equa t ion  of  the  b o u n d a r y  
c u r v e  b e t w e e n  the  t r a n s i t i o n a l  and t u r b u l e n t  r e g i m e s ,  
w h i c h  we s h a l l  c o n v e n t i o n a l l y  c a l l  the  s e c o n d  b o u n d a r y  
c u r v e .  T a k i n g  the  v a l u e s  R e  = 10 000, P r  = 3.8,  Pe  d / l  = 
= 2440,  Gr  ~ P r  = 1.5 ' 106, we  s h a l l  have  fo r  t h e s e  
c o n d i t i o n s  

4620 
% = l = 0.0552, 

2440. [(15 - -  1). 10a] ('25 
15.6 

Thus ,  

e x p % - - I  =0 .0566 .  

exp o2 - -  1 -- 1.025%, 

and the  e q u a t i o n  of  the  s e c o n d  b o u n d a r y  Curve  t a k e s  
t h e  form 

r Nu ~ c~c.~ 1 

1.025c., P e d  - 

F o r  the  c o n d i t i o n s  u n d e r  w h i c h  the  e x p e r i m e n t s  w e r e  
c o n d u c t e d  

[ Nu t 10.7 (10a) 
- ~ u 0  ( N - I  = ( d )  ~ 

2 P e ~ -  

In an a n a l o g o u s  w a y  e q u a t i o n s  (8) and (9) for  t he  
s e c o n d  b o u n d a r y  c u r v e  m a y  be  w r i t t e n  a s  

P e ~ -  2 =  { % [ G r - P r - - ( G r ' P r ) i a k } ~  ~' I ' (11) 

l /na 

(12) 
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Fig .  3o R e g i m e s  of loca l  convec t ive  hea t  t r a n s f e r  with s i m u l -  
t aneous  ac t ion of f r ee  and fo r ced  convec t ion  (l/d= 15.6): 1, 2, 
3, 4, and 5 - - c u r v e s  of cons tan t  hea t  t r a n s f e r  i n t e n s i t y  for  

~,. ,:,~ r e s p e c t i v e l y  1o5, 2, 2.5, 3, and 3.5; a - - t he  f i r s t  bound-  

a r y  curve ,  c o n s t r u c t e d  f r o m  equat ion (14a); b - - t he  second  
bounda ry  c u r v e - - f r o m  equat ion (14b). R e g i m e s :  I - - l a m i n a r ,  

I I - - t r a n s i t i o n a l ,  HI - - t u rbu l en t .  
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For our case  

p e A ]  = 84000 
l J2 (Gr-Pr- -  10s) ~ ' ( l l a )  

=/" 84000 / 4 
IGr. Pr]~ ~ -t- 105. (12a) 

] 
1 

It should be noted that  equation (10), while it de-  
s c r ibes  analyt ical ly  the boundary  curve  between the 
t rans i t iona l  and turbulent  r eg ime ,  cannot however  tell  

F Nu ) 
us to which values of Cr �9 P r  the values of ] ~-KTT:--. (~ - -  

- -  1 / obtained co r re spond .  Since the turbulent  r e g i m e  
3 2 

is  c h a r a c t e r i z e d  by the p re sence  of f luctuations,  the 
f luctuating component  leads  to a different  dependence 
of heat  t r a n s f e r  on the Reynolds number  than in the 
l aminar  r e g i m e .  Natural ly,  the equation der ived f r o m  
exper imenta l  data for  the l aminar  r e g i m e  will under -  
s tate  the heat  t r a n s f e r  in tensi ty  in the turbulent  r e -  
gime.  

Table 3 gives calculated re la t ive  values  of Gr �9 P r ,  

N---U--U ( ~ ) -  1 and Pe d/l for  the f i r s t  and second bound- 
Nu 0 

Nu 
a ry  cu rves .  A graph  of  the equations - -  (~t) ~ 1 = 

Nu0 

= f Pe , Gr. Pr , drawn in l inear  coord ina tes  f rom 

the data of  Tables  2 and 3, is  shown in Fig.  2. The x 
axis on the graph c o r r e s p o n d s  to forced  l amina r  flow 
(Gr �9 P r  -< 105), and the y axis coincides  with the f ree  

oo. e  ,on e mo oa,- 

Nu 
culated cu rves  of the re la t ion  (~) 1, as  well as  

Nu 0 
the f i r s t  and s e c o n d b o u n d a r y  cu rves .  Since the l ami -  
nar  r eg ime  has been invest igated exper imenta l ly ,  the 

curves  of Nu ( ) 1 a re  given only below the f i r s t  
Nu ~ ~ - -  

boundary curve .  

The graph  shows that  with d e c r e a s e  of Pc d the 
l 

t rans i t ion  r e g i m e  reg ion  dec rea se s ,  i . e . ,  the l aminar  
and turbulent  r e g i m e s  appear  to draw c lose r  together~ 
This mus t  evidently be the r ea son  for  the absence  of 
the t rans i t iona l  r e g i m e  in f ree  convection,  it having 
proved imposs ib le  to obse rve  this with the inherent  
a c c u r a c y  of the exper imenta l  invest igat ions~ 

It is  in te res t ing  to note that  in local  heat  t r a n s f e r  
the phenomenon of f ree  convect ion c o r r e s p o n d s  to the 
case  when Gr �9 P r  = r However ,  in the actual  condi-  
t ions  the produce Gr �9 P r  is finite.  The cause  of this 
phenomenon is evidently that  in f r ee  convect ion the re  
is always super imposed  some degree  of forced flowo 

For  a quali tative compar i son  of the computed equa-  
t ion with the genera l ized  graph  presen ted  in the mono-  
g raph  of Ecker t  and Drake [1], the p a r a m e t r i c  equa- 
t ion [2] has been reca lcu la ted  in the f o r m  of the  re la t ion  

P e = f (  G r . P r . / ) ,  (13) 

which is is m o r e  convenient  to cons t ruc t  in logar i thmic  
coord ina tes .  T rans fo rming  and taking logar i thms  of 
Eq. (3) we obtain 

n2 

na lg [Gr.Pr  d (Gr.Pr d ' " '  
//2 

The f i r s t  t e r m  on the r igh t  side he re  is a constant  co-  
efficient.  The negat ive sign ahead of the second t e r m  
on the r igh t  indica tes  that  the quanti ty Pe  d e c r e a s e s  

with i n c r e a s e  of  Gr.Pr d . While Gr.Pr d tends to 
l I 

( G r . p r d ) ,  the f i r s t  pa r t  of Eq. (14) tends to in- 
I init  

finity. 

When the quantity/GF.Pr Al )init may be neglected 

in Comparison with Gr. Pr d ,  (14) is an equation of a 
l 

s t ra ight  line in logar i thmic  coord ina tes .  Under these  
condit ions the coeff ic ient  n3/n 2 is the tangent  of  the 
angle of slope of  the line with r e s p e c t  to the x axis.  

In de te rmin ing  the f i r s t  boundary curve  we mus t  
subst i tute the numer i ca l  value u I in place of u, in de-  
t e rmin ing  the second boundary  curve  the numer ica l  
value ~2 is subst i tuted.  In our  case  Eq. (14) acquires  
the fo rm:  

for  the f i r s t  boundary  curve  

I g P e l = 5 " 1 5 2 - - 0 2 5 1 g [  G r p r d - 6 " 4 " 1 0 : '  ] 1  , (14a) 

for  the second boundary  curve  

lg P% = 5.819 0.25 lg [Gr. Pr d - -  6.4. i0:~ I �9 (14b) 

Compar i son  of  Eqs.  (14a) and (14b) shows that the 
f i r s t  and second boundary  cu rves  a re  equidistant  in 
logar i thmic  coord ina tes .  Analyt ical ly  this means  that 

i lg P% --  lg Pc1/Gr.pr = A lg o~ = const. (15) 
l/2 02 

In our case  

0.256 
ilg P% - -  Ig Pello~.p~ = lg- - -  0.667. (15a) 

00552 

It was  es tabl i shed by calculat ion that the quantity 

Gr.Pr T = 6.4.103 m a y  be neglected,  when (Gr �9 

' init  
�9 Pr (d / / ) )  -> 3.2 �9 104. The deviat ion f r o m  a s t ra ight  

line re la t ion  in the case  when G r .  P r  d --. (Gr. Pr d ~ , 
l , I / in i t  

is  due to pecu l i a r i t i e s  in the s t ruc tu re  of the b a r o m e t -  
r i c  equation, which is const i tuted in such a way  that  
the group G r . P r  is counted f rom the value (Gr.Pr)ini  t, 
at which the influence of f ree  convect ion on heat t r a n s -  
fer  c o m m e n c e s  [10]. 
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The boundary  c u r v e s  and the c h a r a c t e r i s t i c  hea t  
t r a n s f e r  r e g i o n s  a r e  shown in F i g :  3o C u r v e s  of con -  
s t an t  hea t  t r a n s f e r  i n t e n s i t y  a r e  shown in the l a m i n a r  

Nu 
reg ion ,  expressed ,  in t e r m s  of the  quant i ty  ~ (~), 

t h e s e  being ob ta ined  f r o m  F ig .  2. 
C o m p a r i s o n  of Fig~ 3 with the  g e n e r a l i z e d  graph  of  

E c k e r t  and Drake  l e a d s  to the  conc lus ion  tha t  they  a r e  
qua l i t a t i ve ly  in a g r e e m e n t .  ~ i s  m e a n s  tha t  the  b a r o -  
m e t r i c  equat ion (2) a l lows  us  to . de sc r ibe  a n a l y t i c a l l y  
the  whole  f ie ld  of p o s s i b l e  r e g i m e s  of convec t ive  hea t  
t r a n s f e r ,  t h i s  be ing  the d i f f e r ence  in p r i n c i p l e  be tween  
(2) and equat ions  of the  type  (1), which d e s c r i b e  hea t  
t r a n s f e r  by m e a n s  of a p o w e r - l a w  hmet ion  of s i m i l a r i -  
ty  c r i t e r i a ~  

NOTATION 

Nu0-1ocal value of Nusselt number in forced laminar flow; 

Nu-local value of Nusselt number in superpesition of free con- 

vection On forced laminar flow; Gr--Grashof number, referred to 

the mean fluid temperature: Re-Reynolds number; Pr-Prandtl 

number: i/d-relative distance from the origin to the measurement 

section; (,~.) =(p/.J.~,)~ 14 {~tf;:~.~.~ "i~ -correction taking into account 
the direction of the heat flux; cl, e2, c a, nl, nz, n3, n4-constant coe- 
fficients, chosen according to the experimental data; n0-exponent 

of Ped in the barometric heat transfer equation for forced laminar 

flow (Nu o=co( P e + l  n'( ,:~)~, ?'/ " '~),  
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