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R~ults of an exp~rimentai invesZigation of local and mean heat mms- 
fer and fluid friction are given. It is shown that the heat transfer and 
fluid friction coefficients in the viscous gravitational regime depend 
on the heat supply law. 

At p r e s e n t  t he re  a re  no r e l i ab l e  data for  ca l cu l a t -  
ing heat  t r a n s f e r  and fluid f r i e t ion  in  v i scous  g rav i t a -  
t ional  flows in hor izon ta l  tubes at cons tan t  qw. The 
e x p e r i m e n t a l  inves t iga t ions ,  known to the authors ,  
that  deal with p r o c e s s e s  in  the above flows have gen-  
e r a l l y  been  c a r r i e d  out at o r  n e a r  cons tan t  tube wall 
t e m p e r a t u r e  [1-3] .  The paper  by Id [4] is an ex- 
ception, but the ca lcu la t ions  r e commended  there  
can s c a r c e l y  be used because  of the grea t  s ca t t e r  of 
the e x p e r i m e n t a l  data and the  absence of l imi t s  of v a r -  
ia t ion  of the govern ing  p a r a m e t e r s .  

Our t e s t s  were  done on a hor izonta l  1Kh18N9T steel  
tube of i n t e r n a l  d i a m e t e r  9.6 m m  and wall  th i ckness  
0 .5  ram.  The heat  supply at qw = const  was provided 
by pas s ing  an a l t e rna t i ng  e l ec t r i c  c u r r e n t  d i rec t ly  along 
the tube over  a sec t ion  of 120 d i ame te r s ,  16 d i a m e t e r s  
f rom the tube  en t r ance  and exit .  Static p r e s s u r e  taps  
were  provided over  a length of 130 d i a m e t e r s .  

Viscous  r e g i m e .  In o r d e r  to obtain a more  r e l i ab l e  
f igure  for  the inf luence  of f ree  convect ion,  r e l a t ions  
were  obtained on the same  equipment  for  heat  t r a n s f e r  
and r e s i s t a n c e  coeff ic ients  at the m i n i m u m  poss ib le  
heat flux (from the viewpoint of reliable measurement), 

as well as for the resistance coefficient in isothermal 

laminar flow, in other words, in conditions close to 

the viscous regime. 
The heat transfer averaged over the length from 

these experiments may be approximated to within an 

error of 6.5% by the formula 

I~u 1.64 (Re Prd.,'L) '':~ (pl.,uw) !i . 

The reference temperature is the mean liquid temper- 

ature along the length. In the factor (pl/Izw)n we chose 

n = 1/3 as giving the best grouping of the points, and 

the constant factor is reduced somewhat (to 1.64) as 

compared with n = 0.14, as recommended by Seider 

and Tare [5], and also with n = 0. 125 to 0.17, as rec- 

ommended by Petukhov et al. [6]. This factor gener- 

ally has no grea t  inf luence  in the v i scous  g rav i t a t ion -  
al r eg ime ,  s ince  as the heat flux i n c r e a s e s  free con-  
vec t ion  plays a dec i s ive  ro le .  

Ca lcu la t ion  accord ing  to [1] gives r e su l t s  6% g r e a t -  
e r  than for Pe tukhov ' s  fo rmula  [6], and 13% less  than 

for  Se ider  and T a t e ' s  [5]. 
The local  heat t r a n s f e r  data were  reduced for  the 

six sec t ions :  x /d  = 8, 13, 24, 42, 65, and 106. The 

r e s u l t s  show good a g r e e m e n t  with the f o r m u l a  of F i t -  
imonov and Khrus t a l ev  [7], 

where  

Nu~(Prw'Pr/) I' =4 .36 .F  0.36X o s.10--Lsx (1) 

x/d 
X = 

ReinPr~ " 

Here all  the quant i t ies  with subsc r ip t  x a re  r e f e r r e d  
to the l iquid t e m p e r a t u r e  at sect ion x, Prw to Tw, 
and Rein and P r i n  to the liquid t e m p e r a t u r e  at the en-  
t r a n c e .  

The expe r imen ta l  r e su l t s  to d e t e r m i n e  the mean  
r e s i s t a n c e  coeff ic ient  were  c o r r e c t e d  for  lack of hy-  
drau l ic  s tab i l i za t ion  as r e c omme nde d  by F i l imonov 
and Khrus ta lev ,  and a re  then desc r ibed  s a t i s f ac to r i l y  
by the re la t ion  

= (64/'Re) (,ttw/~t)0.i,. 

The Reynolds n u m b e r  was ca lcula ted  in  t e r m s  of the 
m e a n  liquid t e m p e r a t u r e  along the length.  

Viscous  g rav i t a t iona l  r e g i me .  Three  s e r i e s  of ex-  
p e r i m e n t s  were  conducted,  with fixed Rein = 840, 
1170, 1600 and va r i ab l e  heat flux. 

It can be seen f rom Fig .  1 that  the c h a r a c t e r  of the 
wall  t e m p e r a t u r e  d i s t r ibu t ion  depends s t rong ly  on the 
heat  loading, whose inf luence we shal l  evaluate  in  

t e r m s  of the group 

g~d~q vycp g ~ d  ~u 
Gr*Pr = - -  

Thus, with Gr*Pr = 5.25.10 ~ a d e c r e a s e  in heat t r a n s f e r  
coeff ic ient  along the tube is apparent ,  and the re  mus t  
a lso be one in the s t ab i l i z ing  sec t ion .  With Gr*Pr = 
=- 2.6.107 however ,  the s i tuat ion is  r e v e r s e d ,  s ince the 
convect ive  flux i n c r e a s e s  along the tube and leads  to 
i n c r e a s i n g l y  s t rong  mix ing  of the l iquid in the fo rm of 

double sp i r a l  flow. 
F igure  2 shows the r e s u l t s  of local  heat t r a n s f e r  

expe r imen t s ,  exp re s sed  as the ra t io  of the m e a s u r e d  
value of Nuq to that de t e rmined  f rom (1) as q ~ 0. 
The heat  flux va r i ed  in the range  

q= 4 .76 .10  a - 5 .7 .10 .  W/m 2. 

The expe r imen ta l  r e su l t s  b r e a k  down independent ly  
of Pe(x/d) into three regions, and are well described 

by the equation 

Nuq/Nuq ~ o = C (dr*Pr)5 (2) 



104 INZHENERNO-FIZICHESKII ZHURNAL 

T 

75 

50  

2 5  

o /  

o /  

- . . - o - - . - ' - " "  _o 

/ 
~ 3  

~ 2  
~ f  

(J 20 z~ o 60 BO /00 r/D 

Fig. 1. Variat:on in temperature T, ~ of the ~al[  (1) and 
of the l iquid (2), along the tube (Rein = i150): 1) with Gr*Pr=  

= 5.25 �9 I06; 2) 8.5 �9 106; 3) 1.3 - 10z; 4) 2.6 �9 107 
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Fig. 2. Local heat t r a n s f e r  in the v iscous  gravi ta t ional  
rcg ime:  a) w h c n x / d =  26; b) 43; c) 61; d) 78; c) 96; f) 
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Fig. 3. Mean heat transfer coefficient (1) and resistance 
coefficient  (2) i~ the v iscous  gravi ta t ional  regime (A = 
= ~'~u/(P-ed/L)U3;  B = ~ R e / ( ~ w / ~ l ) ~  a) with p'--~T d / I ,  = 

= 57.5;  b) 90; c) 127.5.  
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where 

C =  I, n = 0 w h e n G r * P r < 4 . 1 0  ~, 

C=0 .28 ,  n = 0 .1when 4.10 s < G r * p r <  107, �9 

C := 0.000465, n = 0.5 when 107 < Gr~'Pr < 3.107. 

The govern ing  t e m p e r a t u r e  is  the mean  for  the l iq-  
uid at the given sec t ion .  It i s  pe r t i nen t  to s t r e s s  that  
in the range  of heat  f luxes examined the re la t ion  be -  
tween both the local  and the mean  heat  t r a n s f e r  eoef-  
f ie ients  and the group Pe(x/d)  is  independent  of the 
va lue  of the heat  flux, and r e m a i n s  the same as in  the 
v i scous  fl0w r e g i m e .  This  p e r m i t s  us to allow for  the 
inf luence  of heat loading by in t roduc ing  only the group 
G r * P r  into the ca lcu la t ion  fo rmulas  for  the v i scous  
r eg ime .  

F igure  3 show's the expe r imen ta l  r e su l t s  for mean  
heat t r a n s f e r ,  which also fall  into th ree  reg ions  and 
may  be desc r ibed  by the fo rmula  

N~i = 1.64 ~-e d/L) '~ [Ca (Gr*Pr)"], (3) 

where  

C i = 1 ,  n = 0 w h e n G r * P r < 2 . 1 0  ~, 

Ci = 0.293,, n = 0.1 when 2.10 ~ < Gr*Pr < 107, 

C1 = 0.000464, n = 0.5 when 107 < Or*pr< 3.10 ~, 

and the govern ing  t e m p e r a t u r e  is  the mean  of the l iq -  
uid along ~ the l eng th .  

In t roduct ion  of the fac tor  (#l /Pw)Y 3 into (3) leads  
to cons ide rab le  s c a t t e r  of the points  when Gr*Pr > 2. l0 s 
and, r educes  the s ca t t e r  when Gr*Pr < 2.10 ~. 

F igure  4 shows our  r e s u l t s  reduced accord ing  to 
the Petukhov method [1], the cont inuous l ine ind ica t -  
ing the r e l a t i o n  obtained by Petukhov with T w ~ cons t .  
In this  method -~ = Q / F ( T  w , Tl) in .  It may be seen 
f rom the f igure  that,  o ther  condi t ions  be ing equal, the 
mean  heat t r a n s f e r  for  the case qw = eons t  is  g r e a t e r  
than  for the case  T w = eonst ,  if  Gr*Pr < 3.106. When 
Gr*Pr > 3.10 a the inf luence  of the d i f fe rent  means  of 
heat ing does not appear  and the heat  outputs coincide~ 

The o rgan iza t ion  of the heat  supply has a decis ive  
inf luence  on the v a r i a t i o n  of heat  flux along the ehan-  
ne l .  Evident ly,  when heat  is  supplied accord ing  to the 
T w = const  law, the g r ea t e s t  heat  flux and t e m p e r a -  
t u r e  head occur  at the beginning  of the heated sect ion,  

i.e., in conditions in which the thermal boundary lay- 
er begins to form. The local heat transfer coefficients 
are large there even without this, and there is there- 
fore no basis for expecting a noticeable influence of 
free convection on the flow temperature field, espe- 
cially since the influence of a field with temperature 
gradient is confined to the region of the thin annular 
thermal boundary layer. As the distance from the be- 
ginning of the heater increases, there is a sharp drop 
in the temperature difference between wall and liquid, 

and the free convection flux is reduced. Heat flux at 
T w = eonst is therefore unfavorable from the viewpoint 
of development of free convection flow along the chan- 
nel. 

The picture is different with heat supply according 
to the law qw = const, when the free convection flux 
increases with distance from the beginning of the heat- 

er, i.e., it increases in the same direction in which 
a sharp decrease in heat transfer coefficient is ob- 
served to result from stabilization of the thermal 
boundary layer in the viscous regime. It may be seen 
from Fig. 1 that at large heat fluxes the total ~influence 
of free convection increasing along the tube leads to a 
result that is directly at variance with the usual pic- 
ture of variation of local heat transfer coefficient in 
the viscous regime: when qw =,const the local heat 
transfer coefficient increases with distance from the 
beginning of the heater. 

Thus, the difference of the local heat transfer co- 

efficients for T w = const and qw = const, other condi- 

tions being equal (identical mean heat flux density, 
identical distance from the beginning of the heated 
section, etc.), results mainly from the different lo- 
cal hydrodynamic conditions, since the variation of 
the local group Gr*Pr along the tube length is differ- 

ent in the two cases, and may even be in the opposite 

sense. 
A matter of independent interest is the local heat 

transfer coefficient with different conditions of heat 

supply, but with the same values of Gr*Pr at a given 
section, and, of course, with the other conditions: 

Re the same, x/d the same, etc. Unfortunately, we 
have no experimental data available On local heat trans- 

fer coefficients with T w = eonst; we are therefore lim- 

ited to qualitative considerations. 
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Fig. 4. Mean heat transfer coefficient in the viscous gravi- 
tational regime for various methods of heat supply. Contin- 
uous line--according to [I] (A = ~u/0~ 35 x (P--~ d/L)~" G): 

a) Pe b = 6000; b) 9000; c) 13 000. 
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F r o m  the t h e o r e t i c a l  so lu t ions  fo r  hea t  t r a n s f e r  in 
l a m i n a r  flow in a channel  in the absence  of  f r e e  con-  
vec t ion ,  i t  i s  known that  the t e m p e r a t u r e  p ro f i l e  in 
the c a s e  qw = const  is  f u l l e r  than fo r  T w = cons t .  

If t h e r e f o r e  convec t ive  f luxes have not been g e n e r -  
ated, then  fo r  an equal  i n c r e a s e  in loca l  t e m p e r a t u r e  
head, i . e . ,  for  equal  loca l  va lues  of G r * P r ,  they ap-  

p e a r  e a r l i e r  fo r  qw = const ,  than fo r  T w = const ,  
s ince  the t e m p e r a t u r e  g rad ien t  at the wall  is g r e a t e r  
in the f i r s t  c a s e .  

In the c a s e  when the v i scous  g rav i t a t iona l  r e g i m e  
has  a l r e a d y  been developed,  and under  hea t ing  with 

Tw = const ,  the group G r * P r  d e c r e a s e s  along the chan-  
nel,  while  with qw = const  i t  is app rox ima te ly  cons tan t  
(in the case  of ga se s  it  d e c r e a s e s  slowly,  and for  l i q -  

uids it i n c r e a s e s  because  of change of  p). 

T h e r e f o r e ,  the equal i ty  of loca l  va lues  of  G r * P r  at 
any sec t ion  of the tube, unde r  d i f fe ren t  heat  supply 
laws,  cannot  mean equal i ty  of heat  t r a n s f e r  at that  
sec t ion,  s ince  convec t ive  flow at a given place  depends 
on i ts  p r e h i s t o r y ,  and the na tu re  of va r i a t i on  of loca l  

va lues  of G r * P r  is  d e t e r m i n e d  by the heat  supply law 
as wel l  as  the t e m p e r a t u r e  f ield in the absence  of natu-  
ra l  convec t ion .  

T h e r e f o r e ,  loca l  heat  t r a n s f e r  in the v i scous  g r a v i -  
t a t iona l  r e g i m e  depends app rec i ab ly  on the law of heat  
supply along the channel .  F o r  example ,  for  equal  lo -  

cal  G r * P r  at T w = const ,  the inf luence  of na tu ra l  con-  
vec t ion  on heat  t r a n s f e r  m u s t  be g r e a t e r  than at qw = 
= const ,  s ince  the va lues  of  G r * P r  u p s t r e a m  will  be 
g r e a t e r  in the f i r s t  ca se ,  and l e s s  in the second.  This  
mcans  that  even  the convec t ive  f luxes  develop to a 
g r e a t e r  extent  at T w = cons t .  

F igu re  3 shows r e s u l t s  of r  to d e t e r m i n e  
the mean  r e s i s t a n c e  coef f i c i en t  at d i f f e r -~ t  heat  load-  

ings .  These  r e s u l t s  a r e  well  d e s c r i b e d  by the fo rmula  

Here  the govern ing  t e m p e r a t u r e  is  the mean  l iquid 
t e m p e r a t u r e  a long the length.  

NOTATION: 

q--heat  flux density at wall; Tw-tempera..ture of tube wall; I~u = 
= ad/k--mean Nusselt number along length; r heat transfer 
coefficient, referred to temperature difference t w - t l : tw and t I - 
mean integral wall temperature along length, aud arithmetic mean 
liquid temperature along length, respectively; Nux = axd/~.--local 
Nusselt number; ax--local heat transfer coefficient, referred to "wall- 
liquid" temperature head at section x; R'~, Rein--Reynolds number at 
governing mean liquid temperature and liquid temperature at tube 
entrance; Pr, Pr, Ptin-Prandtl number at governing mean liquid 
temperature, liquid temperature at section x, and liquid temperature 
at tube entrance, respectively; Gr*-Grashof number, expressed in 
terms of heat flux density; Gr--Grashof number, expressed in terms 
of mean "wall-liquid" temperature head; Q-heat flux (W); F--inter- 
nal surface area of heated section of tube; Peb--Peclet number at 
temperature ot boundary layer t b = (t~, + t l )/2. 

REFERENCES 

1. B. S. Pctukhov,  and L. D. Nol 'de ,  T e p l o e n e r -  

get ika,  no. 1, 1959. 
2. I .  T .  Alad ' ev ,  M. A. Mikheev,  and O. S. Fedyn-  

ski i ,  Izv.  AN SSSR, OTN, no. 1, 1951. 

3. O. C. Enbank and W. S. P r o c t o r ,  Thes i s  in 
Chem.  Eng . ,  M a s s a c h u s e t t s  Ins t .  of Technology,  1951. 

4. A. D. Id, co l lec t ion:  Heat and Mass  T r a n s f e r  
[in Russian],  3, GEI, 1963. 

5. E. N. S ieder  and G. E. Tate ,  Ind. Eng. C h e m . ,  
28, 1936. 

6. B. S. Petukhov,  E. A. Krasnoshchekov ,  and 
L. D. Nol 'de ,  Tep loene rge t ika ,  no. 12, 1956. 

7. I. F i l i m o n o v  and B. A. Khrus ta l ev ,  co l lec t ion :  

Convec t ive  and Radia t ive  Heat  T r a n s f e r  [in Russian] ,  
Izd.  AN SSSR, 1960. 

== (64.Re)(~tw.,'~t l) ~ [C~ (Gr*Pr)"], 

whe re 

C._, 1. n = 0 when Gr*Pr< 2.10 ~, 

C ..... 0.415, 1l = 0.07 when 2.105 < Gr*Pr ~ 10 r, 

C._, = 0.002, n = 0.4 when 10 ~ < Gr*Pr < 3.10 r. 
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