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Results are presented of a generalization of the data of an experimen- 
tal investigation of convective heat transfer for a gas moving in the 
initial section of a tube at subsonic and supersonic velocities. 

In sp i t e  of the qui te  l a r g e  n u m b e r  of e x p e r i m e n t a l  
p a p e r s  [1, 3, 4 - 6 ]  devo ted  to i nves t iga t ion  of convec t ive  
hea t  t r a n s f e r  for  a i r  moving  in a c y l i n d r i c a l  tube at  
subsonic  and s u p e r s o n i c  tube in le t  ve loc i t i e s ,  a num-  
b e r  of ques t ions  have  not been  su f f i c i en t ly  e luc ida ted .  
In the  m a j o r i t y  of the  i n v e s t i g a t i o n s ,  the  usua l  p a r a -  
m e t r i c  r educ t i on  of the  t e s t  data. was  u sed ,  b r i n g i n g  in 
the s u p p l e m e n t a r y  p a r a m e t e r  x / D .  This  me thod  g ives  
s a t i s f a c t o r y  r e s u l t s ,  however ,  only  fo r  the r e g i o n  of 
r e l a t i v e l y  low hea t ing  i n t e n s i t y  [1]. Under  i n t ense  
hea t  f lux the ve loc i t y  of the gas  in the po ten t i a l  f low 
c o r e  m a y  be a p p r e c i a b l y  a l t e r e d ,  the law of ve loc i ty  
change a long  the length  be ing  dependent  on the hea t  
f lux i n t e n s i t y  and the law of hea t  supp ly .  In th is  c a s e  
the in t roduc t ion  of the s ing le  s u p p l e m e n t a r y  p a r a m e t e r  
x /D  wil l  not be enough to a l low ca l cu l a t i on  of the d e -  
ve lopmen t  of the t h e r m a l  bounda ry  l a y e r  a long  the 
channe l  [5]. An even  g r e a t e r  d i f f i cu l ty  a r i s e s  in gen-  
e r a l i z i n g  the t e s t  da ta  fo r  s u p e r s o n i c  gas  ve loc i ty  at  
the tube in le t .  In t hese  cond i t ions  i t  is  a l so  n e c e s s a r y  
to take  account  of the inf luence  of c o m p r e s s i b i l i t y  on 
the hea t  t r a n s f e r  coe f f i c i en t .  

In [3, 4, 6], devo ted  to an e x p e r i m e n t a l  i n v e s t i g a -  
t ion of hea t  t r a n s f e r  in tubes  wi th  s u p e r s o n i c  gas  
v e l o c i t i e s  a t  the tube in le t ,  the t e m p e r a t u r e  f ac to r  
T w < 1. Th is  s t a b i l i z e s  the b o u n d a r y  l a y e r ,  a s  i s  
known [9], and so s o m e  of the e x p e r i m e n t a l  poin ts  
in these  p a p e r s  a r e  l oca t ed  in the t r a n s i t i o n  zone.  

In o r d e r  to exc lude  the s t a b i l i z i n g  inf luence  of 
coo l ing  on the b o u n d a r y  l a y e r ,  the p r e s e n t  i nves t i ga t i on  
was c a r r i e d  oa t  wi th  t e m p e r a t u r e  f a c t o r  T w > 1. 

Reduc t ion  of the  t e s t  da t a  was  c a r r i e d  out a c c o r d i n g  
to the me thod  d e s c r i b e d  in [7, 11], An advan tage  of 
the  me thod  used ,  in c o m p a r i s o n  with o t h e r s  [5, 6], i s  
the  p o s s i b i l i t y  of exc lud ing  the inf luence  of the  p a r a m -  
e t e r  x /D,  which m a i n l y  d e t e r m i n e s  the d i s t r i b u t i o n  
of hea t  t r a n s f e r  coe f f i c i en t s  a long  the tube,  and t h e r e -  
by  of e s t a b l i s h i n g  the inf luence  of the n o n i s o t h e r m a l  
s t a t e  and of c o m p r e s s i b i l i t y  on the hea t  t r a n s f e r  in 
p u r e  f o r m .  Knowing the hea t  t r a n s f e r  law, we m a y  
c a l c u l a t e  the d i s t r i b u t i o n  of hea t  t r a n s f e r  coe f f i c i en t s  
a long  the i n i t i a l  s ec t i on  of the tube,  by  the method  
d e s c r i b e d  in [10]. 

The e x p e r i m e n t a l  i n v e s t i g a t i o n s  w e r e  conducted  on 
the  s e t u p  shown s c h e m a t i c a l l y  in F i g .  1. A i r  f r o m  a 
c o m p r e s s o r  p a s s e s  th rough  a m e t e r i n g  d i sk  7 and 
f i l t e r  8, r e a c h e s  the  e x p e r i m e n t a l  s ec t i on  13, and, 
be ing  coo led  in the c o o l e r s  17, is  pumped  out by 

vacuum pumps  19 to the a t m o s p h e r e .  F l o w r a t e  con-  
t r o l  is  a c c o m p l i s h e d  by valve  3. 

The experimental sec t ion  consisted of a s t a i n l e s s  
s t e e l  tube of e x t e r n a l  d i a m e t e r  34, i n t e rna l  d i a m e t e r  
24.3, and length 1052 ram.  F o r  t echn ica l  r e a s o n s  the 
s e c t i on  was  made  of two iden t i ca l  tubes  of length 
500 m m  each,  j o ined  by a t r a n s i t i o n  tube.  A de t ach -  
ab le  nozz le  was f a s t e n e d  to the f ron t  end of the tube 
by m e a n s  of a bush ing .  The subsonic  nozz le  had a 
con ica l  inlet ,  and the s u p e r s o n i c  nozz le  was con toured  
fo r  a Mach n u m b e r  of M = 3. To m e a s u r e  the s t a t i c  
p r e s s u r e  d i s t r i b u t i o n  a long the tube t h e r e  w e r e  33 
o r i f i c e s  of d i a m e t e r  0.75 ram,  30 m m  a p a r t  in the 
d i r e c t i o n  of the  longi tud ina l  a x i s ,  Each s u c c e s s i v e  
tapping  was d i s p l a c e d  r e l a t i v e  to the p r e c e d i n g  one 
by an angle  of 22 ~ 30 '  (around the tube) .  L e a d - o u t  
of p r e s s u r e s  f r o m  the  tube was  e f fec ted  by m e a n s  of 
s t e e l  f i t t ings  s c r e w e d  into the ma in  tube .  The tappings  
w e r e  connec ted  to a m a n o m e t e r  by b r a s s  tubes  b r a z e d  
to the f i t t i ngs .  M e a s u r e m e n t  of p r e s s u r e  was done on 
a mui t i tube  w a t e r  m a n o m e t e r ,  with tubes  of d i a m e t e r  
10 m m  and length 2200 ram.  

M e a s u r e m e n t  of abso lu t e  s t a t i c  p r e s s u r e s  was  
p e r f o r m e d  on m e r c u r y  m a n o m e t e r s ,  at  the s a m e  t ime  
as  the m e a s u r e m e n t  on the w a t e r  m a n o m e t e r .  The 
s t agna t ion  p r e s s u r e  ahead  of the work ing  s e c t i o n  was 
m e a s u r e d  on a r e f e r e n c e  m a n o m e t e r .  

The tube was  hea ted  by  an a l t e r n a t i n g  e l e c t r i c  
c u r r e n t  p a s s i n g  th rough  a n i c h r o m e  r ibbon  of width 
5 m m  and t h i cknes s  0.5 ram, wound on the tube .  To 
avoid  p o s s i b l e  con tac t  be tween  the n i c h r o m e  r ibbon  
and the tube su r f ace ,  a r e l i a b l e  gap was m a i n t a i n e d .  
F o r  th is  p u r p o s e  e ight  p o r c e l a i n  tubes  of d i a m e t e r  
3 m m  w e r e  la id  a long  the tube,  and the n i e h r o m e  r ibbon  
was wound on t he se .  To r e d u c e  hea t  l o s s  to the  s u r -  
rounding  me d ium,  the work ing  sec t ion  was  enc losed  
in a s t e e l  j a cke t  of d i a m e t e r  280 ram,  s u p p o r t e d  on 
f l anges  mounted  at  the ends of the e x p e r i m e n t a l  s e c -  
t ion.  

To avoid  t h e r m a l  g r a d i e n t s  in the j acke t ,  two 
t h e r m a l  c o m p e n s a t o r s  w e r e  p r o v i d e d .  The  j a cke t  was  
pumped  down, which r e d u c e d  hea t  l eakage  to the s u r -  
rounding  m e d i u m .  To take  account  of hea t  l o s s  in the 
c a l c u l a t i ons ,  a c a l i b r a t i o n  of the equ ipmen t  without  
a i r  f low was p e r f o r m e d .  

The m a x i m u m  value  of the l o s s e s  was 6%. M e a s u r e -  
men t  of tube wal l  t e m p e r a t u r e  was done with c h r o m e l -  
kope l  t h e r m o c o u p l e s  l oca t ed  in annu la r  g rooves  mach ined  

on the o u t e r  s u r f a c e  of the tube.  The hot t h e r m o c o u p l e  
junc t ions  w e r e  we lded  e l e c t r i c a l l y  to the tube .  To 
m o n i t o r  the u n i f o r m i t y  of t e m p e r a t u r e  d i s t r i b u t i o n  
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Fig. 1. Schematic of experimental  setup: 1) tubing; 
2) manometers ;  3) valves; 4) thermometers ;  5) mea- 
suring disks; 6) mercury  manometers;  7) measuring 
disk; 8) fi l ter;  9) EPP-09 potentiometers;  10) PPTV-1 
potentiometer; 11) switches; 12) thermostat ;  13)ex-  
per imental  section; 14) motor; 15) vacuum pump; 16) 
compensator;  17) cooler; 18) collector;  19) VN-6 pump; 

20) mesh. 
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Fig.  2. Heat t r a n s f e r  law for the ini t ia l  sec t ion  of a 
cy l ind r i ca l  tube at (a) subsonic  and (b) superson ic  
speeds at the tube ent rance:  I - St 0 = 0 .914/Pe~nSpr~ 
II--St 0 : 0~ 0 P r  1/3 for a l a m i n a r  boundary  layer  
accord ing  to [13]; 1) accord ing  to the au tho r s '  data;  

2) f rom [14];3) f rom [5]~ 
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around the tube, two or  th ree  equal ly spaced t h e r m o -  
couples were  placed in each groove.  The t h e r m o -  
couple leads  were  led into a common thermos ta t ,  con-  
s i s t i ng  of a m a s s i v e  copper  cover  fas tened to a wooden 
suppor t .  The junc t ions  located in  the t he rmos ta t  were  
jo ined  by copper  wi res  to the switches of a PPTV po- 
t e n t i o m e t e r .  The s imu l t aneous  read ings  of the 24 
the rmocoup le s  were  r eco rded  on e lec t ron ic  12-point  
E P P - 0 9  po t en t i ome te r s .  Lead-out  of the thermocouples ,  
p r e s s u r e s ,  and e l e c t r i c a l  wi res  was effeeted through 
the r e a r  f lange of the sec t ion  by means  of spec ia l  
f i t t ings .  Before the t e s t s  were  conducted, the sys t em 
was p r e s s u r i z e d  both in the cold and in the hot condi -  
t ion.  

All the m e a s u r e m e n t s  were  taken af ter  the sys t em 
had reached  a s teady  s ta te .  Tes t s  were  done with 
t h r ee  M values  at the tube ent rance :  0.28, 0.36, and 3. 
The t e m p e r a t u r e  fac tor  Tw was var ied  f rom 1 to 2.05 
with qw = cons t .  

Dur ing  the tes t s  the fol lowing p a r a m e t e r s  were  
measu red :  P0--the s tagnat ion  p r e s s u r e  at the tube 
e n t r a n c e ;  p- - the  d i s t r i bu t ion  of s ta t ic  p r e s s u r e  along 
the tube;  T w ~ t h e  wall  t e m p e r a t u r e  d i s t r ibu t ion  along 
the tube;  T0--the s tagna t ion  t e m p e r a t u r e  at the tube 
e n t r a n c e ;  G-- the m a s s  f lowra te ;  Q--the power supplied 
to the e x p e r i m e n t a l  sec t ion .  

The o r ig ina l  tes t  data a r e  shown in Tables  1 and 2. 
As p r e l i m i n a r y  t e s t s  showed, the chief e r r o r  in 

wall  t e m p e r a t u r e  m e a s u r e m e n t  a ro se  f rom poss ib le  
u n s t e a d i n e s s s  in condi t ions  du r ing  the tes t .  The 
s t ead ines s  of condi t ions  du r ing  the m e a s u r e m e n t  was 
con t ro l led  f r o m  the r ead ings  of the 12-point  E P P - 0 9  
po ten t iome t r i c  r e c o r d e r s ,  to which the 24 the rmocouples  
were  connec ted .  

The magni tude  of the speci f ic  t h e r m a l  f lux was 
d e t e r m i n e d  f rom the fo rmu la  

qw = (Q - -  Q')/r~ DI .  (1) 

Subsequent processing of the test data was carried 
out according to the method described in [Ii]. Local 

values of the StantOn number were calculated from the 

formula 

St = q w t / T o / m p o  q (~) cp (T  w - -  TtL (2) 

where  m = 0.3965 (for a i r ) .  Values of q(X) were  found 
f r o m  the s ta t ic  p r e s s u r e  d i s t r i bu t i on  T = P/P0, a c c o r d -  
ing to a table  of ga sdynamic  funct ions  [12]. The Pec le t  
number ,  based  on e n e r g y  th ickness ,  was d e t e r m i n e d  

f rom the equat ion 

P% = qw x/;% ( r  w - -  Tl).  (3) 

F i g u r e  2a shows the r e s u l t s  of g e n e r a l i z i n g  the 
t e s t  data in the subson ic  veloci ty  reg ion .  The Stanton 
n u m b e r  is r e f e r r e d  to t h e r m a l l y  in su la t ed  condi t ions  

a c c o r d i n g  to Ku ta t e l adzOs  f o r m u l a  [2]. It may  be seen  
f rom the graph that the tes t  points  fall  on a s ing le  
curve  which may  be d e s c r i b e d  by the fo rmula  [11] 

Sto = 0,014 Pe~ ~ Pr -~ �9 (4) 

The same  graph shows the tes t  data of [6] and [5], 
reduced accord ing  to the method desc r ibed .  These  
tes ts  a lso conf i rm f o r mu l a  (4). It was shown in [7] 
that in LePehuk ' s  tes ts  at a d is tance  of about x /D < 6, 
the channel  en t rance  condit ions had an apprec iab le  
inf luence on the heat t r ans f e r ,  and these points  a re  
the re fo re  not shown in Fig .  2a. 

fw L-- , .  - - - ]  

Fig. 3. Compar i son  of t heo re t i -  
cal  ca lcula t ion  of Tw d i s t r ibu t ion  
along the tube with qw = const  ae~ 
cording  to the method desc r ibed  
in [10], with the au thors '  tes t  data: 
I and II) t heo re t i ca l  ca lcu la t ion  [i01 
accord ing  to the o r ig ina l  data of the 
f i r s t  (Table 2) and th i rd  r e g i m e s ,  
r e spec t ive ly ;  a and b) t e s t  data of 

the f i r s t  and th i rd  r eg imes .  

F igu re  2b p r e s e n t s  the tes t  data on heat t r a n s f e r  
for  supe r son ic  gas flow in  the tube .  The tes t  values  
of Stanton n u m b e r  a r e  reduced  to i n c o m p r e s s i b l e  
fluid flow condi t ions  a c c o r d i n g  to the l imi t  fo rmula  
[81. F o r  a sma l l  r a nge  of va r i a t ion  of M and Tw, the 
r e l a t ive  inf luence  of c o m p r e s s i b i l i t y  and non i so the rma t  
s tate  may be r e p r e s e n t e d  app rox ima te ly  by the f o r m u l a  

St/St0 = [(1 - -  ~)/Twl 0.5 (5) 

It may  be seen  f rom the graph that the tes t  points  in 
reduced  fo rm a r e  located a round curve  I. There fo re ,  
the genera l  heat t r a n s f e r  law which d e s c r i b e s  tu rbu len t  
t r a n s f e r  of heat in the boundary  l ayer  of the in i t i a l  
sec t ion  of the tube has the fo rm [11] 

0.014 ( st = . ( 6 )  

The heat  t r a n s f e r  law obtained (6) was used for 

so lv ing  the in teg ra l  ene rgy  equat ion.  The r e s u l t  is a 
c o m p a r a t i v e l y  s imple  and quite effective method of 
ca l cu la t ing  heat  t r a n s f e r  in  the in i t i a l  sec t ion  of a 
tube [10]. F i g u r e  3 shows a c o m p a r i s o n  of the r e s u l t s  
of a ca l cu la t ion  of wail  t e m p e r a t u r e  by the method 
de sc r i be d  in [10] with the au thors  ~ tes t  data .  

NOTATION 

x--coordinate along tube; D--internal diameter of tube; T w = 
= Tw/T0--temperature coefficient; Tw--wall temperature; T 0-  
stagnation temperature outside boundary layer; Q'-power, equivalent 
to heat losses to surrounding medium; I --length of heated section 
of tube; qw--Specific heat flux; q(k)-gasdynamic function; T Z - 
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adiabatic wall temperature [6]; Cp--Specific heat at constant pres- 
sure; k0--thermal conductivity at stagnation temperature: tS--di- 
mensionless velocity in the relation p/p0!= (1 -- ~2)k/(k+l); k-  
adiabatic exponem. 
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