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The results are presented of an experimental investigation of intensifi- 
cation of heat transfer in tubes in the range of Re numbers 1.5 - 10 z- 
102 and of Pr numbers 0.7-50, in flows of gases, water, and a water- 
glycerin mixture. An analysis is made of the mechanism of heat trans- 
fer when the flow is rendered turbulent by artificial means. 

The ana lys i s  [1] of numerous  expe r imen t a l  papers  
on in tens i f ica t ion  of heat  t r a n s f e r  indica tes  that the 
choice  of type, s ize ,  and shape of a r t i f i c i a l  tu rbu lence  
dev ices  was made (with r a r e  except ions)  without suf-  

f ic ien t  bas i s ,  and in the main without ca lcu la t ing  the 
spec i f ic  condit ions in which it was p roposed  to use 
this o r  that type of h e a t - t r a n s f e r  su r face .  As r e g a r d s  
a t tempts  to analyze the m e c h a n i s m  of turbulent  heat  
t r a n s f e r  in condi t ions  of a r t i f i c i a l ly  induced tu rbu lence ,  
to se t  up a phys ica l  model  of the phenomenon and to 
d e s c r i b e  it ana ly t ica l ly ,  no r e su l t s  have yet  been pub- 
l i shed as far  as we know. The r ea sons  for  this ,  apar t  
f rom the ob jec t ive  d i f f icul t ies  (heat t r a n s f e r  in con-  
di t ions with vo r t ex  and sepa ra t ed  flow), a r e  p r inc ipa l ly  
that the m a j o r i t y  of authors  use the hydrodynamic  anal -  

ogy method to analyze the t h e r m a l  p r o c e s s e s ,  and this 
method is ev ident ly  quite  unsui table  in condit ions of 

s epa ra t ed  flow. The work of Nunner is typical  [2], it 

being fau l t l ess  in the e x p e r i m e n t a l  a spec t s ,  but not 
s tanding up to c r i t i c i s m  on the t heo re t i c a l  s ide.  The 
model  of the phenomenon put fo rward  by Nunner and 
i ts  ma thema t i ca l  desc r ip t ion  give r e su l t s  which a re  

not only quite  c o n t r a r y  to phys ica l  sense ,  but conf l ic t  
with the au tho r ' s  own expe r imen ta l  r e su l t s .  F o r  ex -  

ample ,  a cco rd ing  to his  ca lcu la t ions ,  as Re and P r  
i n c r e a s e ,  the i n c r e a s e  of heat  t r a n s f e r  compared  with 
a smooth tube should be cur ta i led ,  i . e . ,  the in t ens i -  

f icat ion should be impa i r ed ,  which is  at v a r i a n c e  both 
with a whole s e r i e s  of e x p e r i m e n t a l  facts  and with the 
phys ica l  e s s e n c e  of the phenomenon of heat  t r a n s f e r  
in condi t ions  of a r t i f i c i a l l y  induced turbulence .  

With the objec t  of an expe r imen t a l  study of the 
inf luence of Re and P r  on the heat  t r a n s f e r  i n t ens i f i ca -  
tion effect ,  as wel l  as of broadening  our ideas  con-  

ce rn ing  the m e c h a n i s m  of heat  t r a n s f e r  in condi t ions  
of a r t i f i c i a l l y  induced flow turbulence ,  we c a r r i e d  
out inves t iga t ions  o v e r  a wide range of these  p a r a m -  

e t e r s ,  both in a smooth  tube and in tubes with d i f fe ren t  
d imens ions  and d i s t r ibu t ions  of a r t i f i ca l  tu rbulence  
g e n e r a t o r s .  

The inves t iga t ion  was conducted with hot gases ,  
wa te r ,  and a w a t e r - g l y c e r i n  mix tu re ,  at qw TM const  -- 
= 103-2 " 10 s W/m z, in s t a i n l e s s  s t ee l  tubes of d i a m e t e r  

10.6/9.6 m m ;  the length of the heated sec t ion  was 110 
tube d i a m e t e r s .  The wal l  t e m p e r a t u r e  was m e a s u r e d  
with c h r o m e l - a l u m e l  t h e r m o e o u p l e s .  20 to each tube, 
in conjunction with a R - 2 / 1  po ten t iome te r .  

Ar t i f i c i a l  tu rbu lence  g e n e r a t o r s  w e r e  c r e a t e d  on 
the ins ide  wall  of the tubes by applying ro l l s  to the 
tubes at pe r iod ic  i n t e r v a l s  and took the f o r m  of an- 
nu la r  d i aphragms  of d imens ion  d / D  = (D - 2k)/D = 
= 6 .985-0.875,  whe re  D = 9.6 mm,  and k is  the height  
of the d iaphragm.  The pi tch v a r i e d  f r o m  0.5 to 4 tube 
d i a m e t e r s .  

F i g u r e  1 shows the dependence of the mean  heat  
t r a n s f e r  coef f ic ien t  along the tube on the Reynolds  

number  for  a smooth  tube and tubes with tu rbu lence  
g e n e r a t o r s  of d i f fe ren t  heights  and 0.5 tube d i a m e t e r  
pitch.  The s c a t t e r  of the expe r im en t a l  points does not 

exceeds  • 
These  data a r e  p r e s e n t e d  in Fig.  2. in the f o r m  

of the dependence of the quantity Nu/Nu s, which de-  
s c r i b e s  the heat  t r a n s f e r  in tens i f ica t ion  effect ,  on 
Reynolds  number .  A broken l ine indica tes  the boundary 
va lue  of the Reynolds  number ,  Re*,  above which the 
i n c r e a s e  of heat  t r a n s f e r ,  in c o m p a r i s o n  with the 
smooth  tube, r e m a i n s  constant ,  independent  of Re. It 

fol lows f rom these  graphs  that the Reynolds  n u m b e r  
has a s t rong  inf luence on heat  t r a n s f e r  in tens i f ica t ion ,  
v a r y i n g  in d i f fe ren t  reg ions .  We may  d i s c e r n  t h r ee  

r eg ions  of Reynolds  number :  1) the reg ion  Re < R e c r ,  
where  t he r e  is no in tens i f ica t ion  of heat  t r a n s f e r  in 

the tubes with a r t i f i c a l  tu rbu lence  g e n e r a t o r s ,  the 

va lue  of the c r i t i c a l  Reynolds  n u m b e r  d e c r e a s i n g  he re  
with i n c r e a s e d  height  of the g e n e r a t o r s ,  and with 

d /D  = 0.875 R e c r  ~ 1600; 2) the reg ion  R e c r  < Re < 
< Re*,  whe re  t h e r e  is  a sharp  i n c r e a s e  of the effect  
with i n c r e a s e  of Reynolds  number ;  3) the region Re > 

> Re*,  where  Nu/Nus  > 1 = const .  F o r  l a rge  Re num-  

b e r s  t he r e  may  a lso  be a region in which the effect  
fa l l s  with i n c r e a s e  of Re.  

F i g u r e  3 shows the r e su l t s  of an inves t iga t ion  of 
the ef fec t  of P r  number  of heat  t r a n s f e r  in a smooth  
tube and in tubes with a r t i f i c i a l  tu rbu lence  g e n e r a t o r s .  

The t es t s  were  conducted in the region of Re c lose  to 

the boundary value Re* and above it. It fol lows f rom 
the gTaphs that  in the r .mge of P r  examined ,  t h e l a t t e r  
inf luenced the heat  t r a n s f e r ,  both in the tubes with 
g e n e r a t o r s  and in the smooth tube. Some d i f f e rence ,  
an i n c r e a s e  of in tens i f ica t ion  with i n c r e a s e  of Pr ,  oc -  

c u r s  in the weakly developed tu rbu lence  reg ion ,  as 
is seen f rom Fig.  1. 

F i g u r e  4 shows the inf luence of the height  of the 
g e n e r a t o r s  on the heat  t r a n s f e r  in tens i f ica t ion  ef fec t  
for  a constant  pi tch of d i aph ragms  of 0.5 tube d i a m e t e r  
and va r ious  Re number s .  The graph c l e a r l y  i l l u s t r a t e s  
the fact that in the reg ion  of developed flow turbulence ,  
i n c r e a s e  of g e n e r a t o r  height  is accompanied  by in-  
c r e a s e d  heat  t r a n s f e r  only up to a def ini te  l imi t ,  and 
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that beyond this  l imi t  Nu/Nu s = coast ,  and independent  
of the height of the d iaphragm,  while ~/~s i n c r e a s e s  
s t rongly  with fu r the r  i nc r ea se  of height. This  l imi t ing  
height depends mos t ly  on the Re number ,  and is  no-  
t iceably  l a r g e r  in the region of weakly developed t u r -  
bulence.  

DISCUSSION AND ANALYSIS OF RESULTS 

The fact that for  subc r i t i ca l  va lues  of Re the a r t i -  
f ic ia l  g e n e r a t o r s  do not p romote  enhanced heat t r a n s -  
fer  is explained by the fact that in these condit ions 
not only do the g e n e r a t o r s  not c rea te  vor tex  reg ions  
but  the fluid between them s tagnates .  This  c r ea t e s  
an addit ional  t h e r m a l  r e s i s t a n c e  of the s low-moving  
sub layer  of fluid. In our tes ts  this  c i r c u m s t a n c e  ap- 
peared  to be the cause  of the not iceable  d e c r e a s e  of 
heat  t r a n s f e r  coeff ic ient  in the tubes with gene ra to r s  
in compar i son  with the smooth tube. Typica l ly ,  the 
g rea tes t  inf luence of the s tagnant  zones o c c u r r e d  in 
the in i t ia l  sec t ions  of heat supply, i . e . ,  j u s t  where  
the th ickness  of the s tagnant  zone is  c o m m e n s u r a t e  
with that of the t h e r m a l  boundary layer .  At a large 
d is tance  f rom the beginning of the heated sect ion 
(x/D > 100), p r ac t i ca l l y  no dec rease  of heat t r a n s f e r  
was obse rved  (it i s  poss ib le  that he re  the re  was the 
addi t ional  inf luence of f ree  convect ion to d i s tu rb  the 
s tagnant  zones).  

Thus,  for Re < Rec r ,  the heat  t r a n s f e r  in the tubes  
with gene ra to r s  is l e s s  than in the smooth tube, but 
the na tu re  of i t s  dependence on Re and P r  p r ac t i ca l l y  
coincides  with that of the smooth tube. 
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Fig.  1. Inf luence of Re n u m b e r  on the mean  heat 
t r a n s f e r  coeff ic ient  in the tubes: 1) smooth:  2) d /D = 
= 0.983; 3) 0.966; 4) 0~ 5) 0~912 (pitch 1.0): 
6) 0.92; 7) 0.875~ The solid l ines  a re  for water ,  
and the broken  l ines  for the w a t e r - g l y c e r i n  mix -  

tu re ,  d /D = 0.92 and 0.966. 

In the r e g i o n R e c r  < Re < Re c r . s ,  i . e . ,  at Re 
va lues  g r ea t e r  than c r i t i c a l  but below c r i t i ca l  for the 
smooth tube, we find the l a rge s t  i nc r ea se  of i n t e n s i -  
f icat ion of Nu/Nu s with i n c r e a s e  of Re. It should 
be espec ia l ly  s t r e s s e d  that the forc ing  of t r ans i t i on ,  

i. e . ,  d ec r ea se  of the value of the c r i t i ca l  Re n u m b e r  
in the ro l led  tubes,  is not typical  for all  d iaphragm 
heights .  In our  tes t  in the tubes with d i aphragms  d/D > 
> 0.92, the c r i t i c a l  Re n u m b e r  r e m a i n e d  constant ,  
though somewhat  s m a l l e r  than the Rec r  for the smooth 
tube. But with heights d /D ~ 0.92 there  o c c u r r e d  a 
sha rp  fall  of the c r i t i c a l  Re n u m b e r ,  which is ,  g e n e r -  
ally speaking,  in conformi ty  with the physica l  model  
of t r ans i t i on  on a rough sur face  proposed by Dryden 
[3]. This  is the case for a tube with d/D = 0.875, Recr  = 
= 1580. Decrease  of Recr  occurs  because  of ear ly  loss  
of s tabi l i ty ,  s ince the a r t i f i c i a l  g e n e r a t o r s  a re  c e n t e r s  
at which addit ional  d i s t u rbances  or ig ina te .  
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Fig.  2. Inf luence of Re n u m b e r  on 
the e f fec t iveness  of heat t r a n s f e r  
in tens i f i ca t ion :  1) boundary  of Re* 

va lues ;  2 -7 )  see Fig. 1~ 

The re fo re ,  the sharp  i n c r e a s e  of the in tens i f ica t ion  
effect in this  reg ion  is explained by the e a r l i e r  t r a n -  
s i t ion to tu rbu len t  flow, whereas  the v i scous  r eg ime  
is  p r e s e r v e d  in the smooth tube. The inf luence  of 
P rand t l  n u m b e r  in this quite sma l l  range  of Re n u m -  
b e r s  was not  inves t iga ted  specia l ly .  

The range  Rec r  < Re < Re ~ is  c ha r a c t e r i z ed  by 
the fact that at these Reynolds n u m b e r s  the a r t i f i c ia l  
tu rbu lence  g e n e r a t o r s  act ively  affect the flow, making  
the l aye r s  of fluid n e a r  the wall  tu rbulen t .  In the 
weakly developed tu rbu lence  region the best  heat  t r a n s -  
fer  in tens i f ica t ion  effect is obtained with gene ra to r s  
of compara t ive ly  la rge  height,  i . e . ,  those which p ro -  
mote e a r l i e r  t r ans i t i on  and make thick l aye r s  n e a r  
the wall  tu rbulen t .  

With fu r the r  i n c r e a s e  of Reynolds n u m b e r ,  the t u r -  
bulent  t r a n s f e r  in the flow core  i n c r e a s e s  so much 
that the t h e r m a l  r e s i s t a n c e  is concen t ra ted  a lmos t  
en t i r e ly  in the thin wall  l aye r s  of fluid, where the t u r -  
bulent  heat  t r a n s f e r  coeff ic ient  eq d e c r e a s e s  sharply ,  
and the heat  flux is  a max imum.  The th ickness  of 
these  l aye r s  becomes  c o m m e n s u r a t e  with the height 
of the ge ne r a t o r s .  It is  not difficult  to show that the 
Re* va lues  co r r e spond  exact ly to the th ickness  of the 
l a y e r s  of fluid in which 99% of the total  t e mpe ra tu r e  
head between the wall  and the tube axis is developed. 
] h e  lie* boundary  sho~a in Fig.  2 was obtained by 
ca lcula t ion .  F r o m  the energy  equation wr i t ten  for a 
smooth tube (the d i s t r ibu t ion  of e ~ - / v  was taken f rom 
the expe r imen ta l  data of S le iche :  [4]) we found the 
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dependence of the s ize  of the t h e r m a l  wall  l aye r  with 
the t e m p e r a t u r e  drop At = 0 .995tma x on the Reynolds 
and Prandt l  n u m b e r s .  Equating this value to the heights 
of the d iaphragms ,  we obtain 

Re* = 3150/( 1 - -  d / D )  1" 14 pr o $7. (1) 

It follows from Fig. 2 that (1) co r responds  s a t i s -  
fac tor i ly  to the Reynolds n u m b e r  values  up to which 
the in tens i f ica t ion  effect occurs .  In other words,  unti l  
the heights of the gene ra to r s  become apprec iably  l e s s  
than the th ickness  of the fluid l aye r s  which have the 
main  the rma l  r e s i s t a n c e ,  an i n c r e a s e  in Re and Pr  is 
accompanied  by i n c r e a s e  in the in tens i f ica t ion  effect. 
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Fig. 3. Dependence of mean  heat t r a n s f e r  coef-  
f ic ient  on Pr  number  in tube: 1) smooth; 2) 2 /  
/D = 0.983; 3) 0.966; 4) 0.943; 5) 0.946 (pitch 1.0); 
6) 0.92; 7) 0.875; a) water ;  b) w a t e r - g l y c e r i n  

mix tu re .  

Some dec rea se  in the in tens i f ica t ion  effect Nu/Nus  at 
Re > Recr" s (Fig.  2) occur s  for na tu ra l  r easons :  in 
the smooth tube the heat  t r a n s f e r  begins  to in -  
c r e a s e  sharply ,  and therefore  the re la t ive  effect 
d e c r e a s e s .  

It should be s t r e s s e d  that, accord ing  to Eq. (1), the 
Prandt l  numbe r ,  has an effect, though less  than that 
of Re, on the th ickness  of the wall  l ayer  in which 99% 
of the total  t e m p e r a t u r e  head is  developed. However,  
in the range P r  = 0 .7 -10  in gases and water ,  p r ac t i -  
cal ly  no inf luence of Pr  on Re was observed.  S imi la r  
conc lus ions  were reached in [5,6].  At the same t ime,  
in going f rom water  to the w a t e r - g l y c e r i n  mix ture ,  we 
find sa t i s f ac to ry  ag reemen t  between the exper imen ta l  
data and those ca lcula ted  from Eq. (1) r ega rd ing  the 
inf luence of P r  on Re*. This is c l ea r ly  i l l u s t r a t ed  in 
Fig.  1, f rom which it may be seen that in the wa te r -  
g lycer in  m i x t u r e ,  the Nu/Nu s = const  point is reached 
at s m a l l e r  va lues  of Reynolds number ,  which also 
causes  an i n c r e a s e  in the in tens i f ica t ion  effect with 
i nc r ea se  of P r  in the region of compara t ive ly  unde-  
veloped tu rbu lence .  

The  region Re > Re* is cha rac t e r i zed  by the ab- 
sence of an inf luence of Re and P r  on the heat t r a n s -  
fer  in tens i f ica t ion  effect, i . e . ,  Nu/Nu s = const.  In 
these condit ions an i n c r e a s e  of Re and Pr . l eads  to 
propagat ion of the a r t i f i c ia l  tu rbu lence  into the l aver  

of fluid where  99% and even more  of the avai lable  
t e m p e r a t u r e  head exis ts .  Then the na tu ra l  tu rbu len t  
conduction in the d iaphragm height zone also i n c r e a s e s  
so much that the cont r ibut ion  of the a r t i f ic ia l  tu rbu len t  
conduct ivi ty  is not a l tered .  Hence it is apparent  that 
for Re > Re* we do not get an addit ional  i n c r e a s e  of 
heat  t r a n s f e r  with i n c r e a s e  of Re and Pr ,  and the na -  
tu re  of the inf luence of these  p a r a m e t e r s  on the heat 
t r a n s f e r  becomes  the same as in a smooth tube, but 
with Nu/Nu s > 1. 

The inf luence  of the genera to r  height on the heat  
t r a n s f e r  in tens i f ica t ion  effect, as we have ver i f ied ,  
t u rns  out to be va r i ed  in this wide range  of Reynolds  
number .  While high g e n e r a t o r s  give the bes t  effect 
in the weakly developed tu rbu lence  region,  the use of 
high gene ra to r s  in developed tu rbu len t  flow is  not fa-  
vorab le ,  s ince  the i n c r e a s e  of tu rbu len t  heat  t r a n s f e r  
at a la rge  d is tance  f rom the wall ,  where it  is any way 
much g r e a t e r  than the molecu la r ,  though the heat flux 
is sma l l  (it is  known that the heat  flux v a r i e s  over  the 
tube rad ius  according  to a law that is c lose  to l inear) ,  
does not give an apprec iab le  in tens i f ica t ion  of heat 
t r a n s f e r ,  but is accompanied  by a ve ry  large  i n c r e a s e  
in the hydraul ic  losses .  The o r ig ina l  i n c r e a s e  of 
Nu/Nu s with i n c r e a s e  of height of the d iaphragms  in 
the region Re > Re* is  due to the fact that the s t rength  
of the vor t i ces ,  and there fore ,  of the a r t i f i c ia l  t u r -  
bulence of the wall  region,  i nc r ea se s .  But this  p roces s  
is  l imi ted ,  the addit ional  tu rbu len t  f luctuat ions  are  
formed at the upper  boundary of the vortex,  but the 
vor tex  moves  away f rom the wall  with i n c r e a s i n g  
genera to r  height, which compensa tes  the i n c r e a s e  of 
in tens i f ica t ion  and leads to sa tu ra t ion  of t heNu/Nu  s = 
= r id /D)  cu rves ,  other condit ions being equal (Fig. 
4). 
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Fig.  4. Inf luence of tu rbu-  
lence  gene ra to r  height on 
the e f fec t iveness  of heat 
t r a n s f e r  in tens i f ica t ion  at 
Re va lues  of 4000 (1), and 

40 000 (2). 
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