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The quantitative relationships governing heat transfer and the features 
in the development of a mixed boundary layer at the initial segment 
of a tube are considered for the case in which a collector designed on 
the basis of the Vitoshinskii curve is mounted at the inlet. 

Most r ecommenda t ions  in the l i t e r a t u r e  on ca lcu-  
lating the t r ans f e r  of heat  in the ini t ial  segment  of a 
tube (see, for example,  [1]) pe r ta in  to the case  of 
monotonic reduct ion  in the h e a t - t r a n s f e r  coeff ic ient  
over  tube length. Var ia t ion  in h e a t - t r a n s f e r  intensi ty  
is accounted for  in this case  through c o r r e c t i o n  fac to rs  

e I and ~l r ep r e sen t i ng  the ra t io  of the h e a t - t r a n s f e r  
c r i t e r i a  (or coeff ic ients)  at the ini t ial  segment  r e l a t i ve  
to their  values  in s tabi l ized flow. 

At the s a m e  t ime,  a number  of r e f e r e n c e s  [2-6]  
sugges t  the poss ib i l i ty  of es tabl ish ing a l aminar  l aye r  
at the forward  end of the tube, this l ayer  subsequent ly 
being t r ans fo rmed  into a turbulent layer  with i n c r e a s -  
ing dis tance  f r o m  the inlet.  The ex i s tence  of a mixed 
boundary l aye r  is r e spons ib le  for  a nonmonotonic 
var ia t ion  in the h e a t - t r a n s f e r  coeff ic ients  over  the 
length of the ini t ial  segment .  

It is only in [3] that we find r ecommenda t ions  for 
the ca lcula t ion  of the ave rage  heat  t r ans fe r  in the p r e s -  
ence of a mixed boundary l ayer  at the ini t ial  s egment  
of the tube, but to be able to use  these  r e c o m m e n d a -  
tions, we must  have at our d isposal  data  on the c o o r -  
dinates for the t rans i t ion  point which s e r v e s  in the 
p lace  of the reg ion  of t rans i t ion  f r o m  laminar  to turbu-  
lent  flow. 

At the same  t ime,  it was demons t r a t ed  in [7] that 
the extent of the t rans i t ion  reg ion  and the s tabi l i ty  of 
the l amina r  flow a re  functions not only of the Reynolds 
number  (proport ional  to the mean flow veloci ty) ,  but 
also of the deg ree  of flow turbulizat ion;  the t rans i t ion  
reg ion  is shifted downs t ream as the deg ree  of flow 
turbulence d imin ishes  and it is shifted u p s t r e a m  as 
the turbulence is inc reased .  

The r e su l t s  given in [2, 3, 5, 6], as well as our e a r -  
l i e r  exper iments  [4], indicate  the need for  fu r the r  
study of the effect  exer ted  by the level  of the ini t ial  
flow turbulence on hea t  t r ans fe r  in the ini t ial  s egment  
of the tube. 

For  the purposes  of this inves t iga t ion  we used the 
test  stand desc r ibed  in detai l  in [4]; the input device  
of this ins ta l la t ion  was r emoved  and rep laced  with one 
designed on the bas is  of the Vitoshinski i  curve .  

The ve loc i ty  p rof i l e  with such an inlet  dev ice  was 
comple te ly  s t ra igh tened  a c r o s s  the inlet  c ro s s  sec t ion  

( l / d  = 1) and the thickness  of the boundary l ayer  over  
a ve loc i ty  range  of 4 - 3 5  m / s e e  did not exceed 1 ram. 

The leve l  of the turbulent  f luctuations in veloci ty  at 
the flow co re  was below the sens i t iv i ty  l imi t  of the 
e t e c t r o t h e r m o a n e m o m e t e r  (0.5% when Re = 104 and 
0.2% when Re = 105)(the expe r imen t s  were  c a r r i e d  out 
with an e l e c t r o t h e r m o a n e m o m e t e r  using dc cur ren t ,  
with a tungs ten- f i lament  sensor  5 ~m in d i ame te r  and 
2 . 5  mm in length. The t h e r m o a n e m o m e t e r  employed 
an ampl i f i e r  with a max imum ampl i f ica t ion  factor  of 
1 . 6  ~ 104). D i s c r e t e  low-f requency  burs t s  (up to 3%) 
w e r e  seen only near  the wall. The m e a n - s q u a r e  axial 
pulsat ion is tenta t ively  es t imated  at approximate ly  
0.5%. 

The h e a t - t r a n s f e r  coeff ic ients  were  de te rmined  for  
this tube over  a Reynolds number  range 1.5 �9 10~-105. 
The tube-wall  t e m p e r a t u r e  was measu red  at 18 points 
along the length, while the average  a i r s t r e a m  t e m p e r a -  
tures  at these points were  de te rmined  by ca lcula t ion--  
f r o m  the t e m p e r a t u r e  measured  at the inlet  and f rom 
the heating of the a i r  in the subsequent  segments .  The 
spec i f ic  heat  flow through the tube wall was de te rmined  
on the bas is  of the d i f fe rence  between the e l ec t r i c a l  
load per  unit heating su r face  and the heat  lo s ses  to the 
ambient  space as a r e su l t  of the convect ion and r a d i a -  
tion ca lcula ted  in accordance  with the r ecommenda t ions  
found in [1]. 

The resu l t ing  t empe ra tu r e  d i f fe rences  for  the walls 
and a i r  ove r  the length of the tube were  used to ca lcu-  
la te  the h e a t - t r a n s f e r  c r i t e r i a  (the Stanton or Nesse l t  
numbers) .  

An indication of a change in flow r e g i m e  over  the 
length of the initial segment  is the nonmonotonic 
change in the h e a t - t r a n s f e r  coeff ic ient  (Fig. 1) noted 
in our r e s e a r c h  over  the Reynolds number  range 
0~176 �9 104 at points f rom 40 to 1 d i a m e t e r s  f rom 
the inlet.  The t rans i t ion  f rom one flow r e g i m e  to an- 
other  shows up also in the f o r m  of "max ima"  and 
"min ima"  of wall t empera tu re s .  

As the Reynolds number  i nc r ea se s ,  the extent of 
the t rans i t ion  zone along the length of the tube ini t ia l ly  
i n c r e a s e s  sharply,  reaching  a max imum (20 d iamete r s )  
when Re = 1.5 �9 104, and then diminishing.  

The above-desc r ibed  quanti tat ive re la t ionship  gov-  
erning the development  of the boundary l aye r  is con-  
f i rmed  qual i ta t ive ly  for ce r t a in  other  conditions of flow 
entry  into the tube. In Fig. 2 we see  s i m i l a r  r e su l t s  
[4], de r ived  on entry of the flow into the tube through a 
co l l ec to r  with a radius  of 170 mm, behind which was 
mounted a conical  device  75/51 mm in d iamete r .  An 
inlet  device  of this type ensures  a r a the r  un i fo rm ve -  
loci ty prof i le  w / w m a x  = 0 . 9 3  for  a thicker  boundary 
l ayer  (up to 2 ram) in the inlet  sect ion and with approx-  
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Fig. 1. Variat ion of local NusseLt number along tube 
length with natural flow ~rbul izat ion:  1) Re = 3" 10~; 
2) 6.10s; 3) 8"10s; 4) 10i; 5) 1,2"104; 6) 1.4-104; 
7) 1.6"!04; 8) 1.8"704; 10) 2.5.104; 11) 3"104; 

12) 4.10t;  13) 5" 104 . 
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Fig. 2. Influence of Reynolds number on zone 
length with transitional flow regimes under 
conditions of natural flow ~rbulization: 
1) according to data of present study; 

2) according to [4]. 
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Trans i t i on -zone  Boundaries  and Values for the Correc t ion  Factors  
e l and el  in Turbulen t  Flow Regimes 

J l/d 
transfer I Heat Quantity [ l [ 

2 t 5 [ ,0 I 4o 

Local 

Average 

~e trans 

Retrans 
Tz 

30000 26000 19000 15500 12600 8300 
48000 39000 30000 2 6 0 0 0  20200 12000 

1.37 1.21 1.03 1.00 1.00 1.00 

33000 2 9 0 0 0  22400 16800 13600 10300 
52000 5 0 2 0 0  4 4 0 0 0  3 8 0 0 0  32000 26800 

- -  1 . 2 5  1.16 1 . 0 8  1 . 0 5  1 . 0 2  

3640 
1.00 

7300 
25000 
1.00 

imate ly  the same  level  of turbulent  f luctuat ions in 
veloci  W. 

The maximum length of the t r ans i t ion  region in this 
case also amounted to 20 d i ame te r s ,  but was seen  at 
subs tant ia l ly  sma l l e r  Reynolds n u m b e r s - - o n  the o rder  
of 6.5 �9 103o For Reynolds number s  higher than 3.5- 104, 
turbulent  flow was set  up over the ent i re  length of the 
tube, whereas  in this study a mixed boundary layer  
existed even when Re = 105. 

We should point out the difficulty and a ce r ta in  a rb i -  
t r a r i n e s s  in es tab l i sh ing  the boundar ies  for the t r a n -  
s i t ion zones, .whether on the bas i s  of the Reynolds 
number ,  or  with respec t  to tube length. For  local  heat  
t r ans f e r  the boundar ies  of the t rans i t ion  zone can be 
de te rmined  e i ther  f rom the points of the "maxima" 
and "minima"  of the wall t empera tu res ,  or  f rom the 
points at which the s t ra igh t  l ines  Nu = f i R e ) o r  St =f iRe)  
(in a logar i thmic coordinate  system) in t e r sec t  for 
var ious  flow reg imes .  The second method may be used 
also to de te rmine  the extent of the t rans i t ion  zone for 
average heat t r ans fe r .  The magnitudes of the c r i t i ca l  
Reynolds number s  der ived  in this manne r  a re  p r e -  
sented in the table.  

The exper imenta l  data de r ivedfor  turbulent  flow are  
v i r tua l ly  coincident  with the known genera l iza t ion  [1] 

Nu= = 0.018 Re ~ . (i) 

The co r r ec t ion  factors  e l and e l , needed to ca lcu-  
late the heat t r ans f e r  at the ini t ia l  segment  of the tube 
under  condit ions of turbulent  flow, a re  presen ted  in 
the table.  

The extent of the t he rma l - s t ab i l i za t ion  segment  for 
local  heat  t r ans fe r  amounted only to 6 d i ame te r s ,  ex- 
tending to 50 d i ame te r s  for average heat t r ans fe r ,  
which is in ag reement  with the resu l t s  of [2, 5, 8]~ 

The studies that we ca r r i ed  out conf i rmed that to 
ensu re  the poss ib i l i ty  of a sufficiently accura te  ca lcu-  
lat ion of heat t r ans fe r  in the case of a mixed boundary 
layer  in the ini t ia l  segment  of a tube, we must  have at 
our disposal reliable data on the relationship between 
the boundaries of the transition region and the para- 

meters of the flow in the inlet section or on the re- 
lationship between the former and the conditions for 

ent ry  into the channel.  
Our further studies must therefore be directed, 

first of all, at the establishment of these relationships. 
Here we were able to derive the data needed to cal- 

culate heat transfer in a mixed layer for a uniform 

velocity profi le  at the tube inle t  in the case of a low 
degree  of ini t ia l  flow turbui izat ion (on the order  of 
0.5%). 

For l a mi na r  and turbulent  flow reg imes  it is pos-  
s ible  to calculate  heat t r ans fe r  on the bas is  of gene r -  
ally accepted recommendat ions .  The calculat ion of 
heat  t r ans f e r  in the t rans i t ion  region can be accom-  
plished on the bas is  of an in terpola t ional  s t raight  l ine 
(in a logar i thmic coordinate system) drawn through 
the values of the h e a t - t r a n s f e r  c r i t e r i a  (Nusselt ,  
Stanton) at the c r i t i ca l  Reynolds numbers  for spec i -  
fied d is tances  f rom the inlet  or for given tube lengths~ 

NOTATION 

Re is the Reynolds number based on tube diameter 

and mean velocity; Nu is the Nusselt number; St is the 

Stanton number; d is the tube diameter, m; Z is the 

distance from input or tube length for local or mean 
heat transfer, m; w is the mean flow velocity, m/sec; 

Wma x is the maximum velocity in the cross section, 

m/sec. 
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