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We p r e s e n t  e x p e r i m e n t a l  data on the t r a n s f e r  of heat  in the in i t ia l  and main segments  of a 
cy l i nd r i ca l  tube over  a wide range of va r i a t ion  for  the enthalpy f a c t o r  Ch = 0.08-0.8 and 
the Reynolds  number  (Redo = 6.9. 103-2.4 �9 105). The e x p e r i m e n t a l  data a r e  gene ra l i zed  
with a s ingle  re la t ionsh ip .  

Of g rea t  i n t e r e s t  in eng ineer ing  p r a c t i c e  a re  the p r o b l e m s  a s s o c i a t e d  with the de te rmina t ion  of the 
heat  t r a n s f e r  and f r ic t ion  under condit ions in which a wall  to be cooled is s t r e a m l i n e d  by a h i g h - t e m p e r a -  
tu re  gas. Despi te  the r a t h e r  l a rge  number  of inves t iga t ions ,  this  p rob lem has not yet  been adequately s tud-  
ied [1-7]. Thus,  for example ,  the r e s u l t s  f rom a number  of inves t iga t ions  yie ld  uncoordinated and even 
con t r ad i c to ry  data,  and no s tudies  have been c a r r i e d  out for the in i t ia l  segment  of a tube under these  condi-  
t ions.  No s y s t e m a t i c  r e s e a r c h  has been c a r r i e d  out on the effect  of the enthalpy fac tor  on heat t r a n s f e r  
and f r ic t ion over  a b road  range of va r i a t ion  in that  fac tor  under the ident ica l  condit ions achievable  through 
a s ingle  t e s t  ins ta l la t ion .  As a r e s u l t  of this  it  is e x t r e m e l y  diff icul t  to a r r i v e  at a r e l i ab l e  conclusion r e -  
garding the change in heat  t r a n s f e r  and f r ic t ion  under condit ions of non i so the rmic i ty .  

It is the purpose  of this  pape r  to obtain e x p e r i m e n t a l  data on the t r a n s f e r  of heat  in the in i t ia l  and 
s t ab i l i zed  segments  of a c y l i n d r i c a l  tube for  a b road  range of va r i a t ion  in the enthalpy fac tor  (0.08 _< Ch 
-< 0.8). 

A d i a g r a m  of the e x p e r i m e n t a l  ins ta l l a t ion  is shown in Fig. 1. We use th ree  p l a s m a t r o n s  (with vo r t i -  
cal  and magnet ic  twis t ing  of the arc)  - powered by VK-200-6 s i l i con  tubes - to heat  the a i r .  

An o s c i l l a t o r  with a voltage of 10 kV is used to s t a r t  the p l a s m a t r o n s .  To p reven t  r e c t i f i e r  b r e a k -  
down, at  the ins tant  that  they were  s t a r t e d  the p l a s m a t r o n s  were  connected to a 200 V dc genera to r ,  and 
the working gas in th is  case  was argon. Af te r  the p l a s m a t r o n s  had been s t a r t ed ,  the power supply was 
switched to the r e c t i f i e r s  and the argon was r ep l aced  by a i r .  

The regula t ion  of the power used to heat  the a i r  is  achieved by a number  of opera t iona l  p l a s m a t r o n s ,  
as well  as by means  of segmented  r e s i s t a n c e  rheos t a t s  in an ac c i rcu i t .  Automat ic  VAB-20 swi tches  were  
mounted between the r e c t i f i e r s  and the p l a s m a t r o n s .  

The hot gas leaves  the p l a s m a t r o n s  and en te r s  a common w a t e r - c o o l e d  mixing chamber .  As demon-  
s t r a t e d  by c o l d - a i r  m e a s u r e m e n t s ,  the ve loc i ty  prof i le  at  the m i x i n g - c h a m b e r  outlet  was quite uniform. 
This was achieved with a nozzle exhibi t ing a convergence  ra t io  of 100:1 and with the p l a s m a t r o n s  pos i t ioned 
in a spec ia l  way about the mixing chambe r  to ensure  the merg ing  of each of the axes of the twis ted  j e t s  f rom 
the p l a s m a t r o n s  at a s ingle  point. 

Inst i tute  of The rmophys i c s ,  Siber ian  Branch,  Academy of Sciences  of the USSR, Novos ib i r sk .  
T r a n s l a t e d  f rom I n z h e n e r n o - F i z i e h e s k i i  Zhurnal ,  Vol. 16, No. 4, pp. 603-609, Apr i l ,  1969. Or ig ina l  
a r t i c l e  submi t ted  August  14, 1968. 

�9 1972 Consultants Bureau, a division o[ Plenum Publishing Corporation, 2,27 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced [or any purpose whatsoever without 
permission o[ the publisher. A cop. y o[ this article is available [rom the publisher for $15.00. 

404 



S u b s c r i p t s  

0 is a scale point for the pa rame te r s  outside the boundary layer ;  
t denotes thermal;  
w denotes the wall; 

denotes rotation. 
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Fig.  1o D iag ram of the t es t  ins ta l la t ion:  1) p i n s -  
mat ron;  2) mixing  chamber ;  3) t e s t  sect ion;  4) 
m e t e r i n g  disk;  5) mixe r ;  6 and 10) the rmocoup les ;  
7) s t a t i c - p r e s s u r e  m e a s u r i n g  device;  8) device  to 
m e a s u r e  the wa te r  t e m p e r a t u r e  at  the c a l o r i m e t e r  
outlet;  9) m e t e r i n g  vesse l ;  11) device to m e a s u r e  
wall  t e m p e r a t u r e ;  12) a i r  supply; 13) in le t  for cool-  
ing water ;  14) device to m e a s u r e  wa te r  t e m p e r a t u r e  
at  the inlet;  15) t h e r m a l  insulat ion.  

The t e s t  sec t ion  cons i s t ed  of a continuous copper  tube with an inside d i a m e t e r  of 18.5 mm and a wall  
th ickness  of 1.5 mm ( L / D  = 51.24). Copper  tubing (5 x 0.5 in d i ame te r )  was wound about ce r t a in  sec t ions  
of the tube and fixed with PS-72 s o l d e r  to form 14 c a l o r i m e t e r s  of va r ious  lengths:  (x = 16, 32, 49, 71, 101, 
150, 215, 289, 372, 474, 584, 700, 823, 948 mm). 

Sleeves  were  mounted d i r e c t l y  at  the c a l o r i m e t e r  outlet  to house the t h e r m o m e t e r s  to m e a s u re  the 
wa te r  t e m p e r a t u r e .  The c a l o r i m e t e r s  and the s l e e ve s  were  insula ted  with a sbes tos .  The t h e r m o m e t e r s  
were  graduated  for 0.5~ and were  ca l i b r a t ed  p r i o r  to the tes t .  The t e m p e r a t u r e  d i f ference  for the wa te r  
in these  expe r imen t s  was about 30~ for  a l l  of the c a l o r i m e t e r s .  To reduce  axia l  heat  leakage,  ad jacent  
c a l o r i m e t e r  co i l s  were  a l t e r n a t e l y  of the in le t  and out le t  va r i e ty .  

C h r o m e l - C o p e l  t he rmocoup les  0.1 mm in d i a m e t e r  (to m e a s u r e  wall  t e m pe r a t u r e )  were  s tamped at  
an angle into the main tube, in the spaces  (2-3 ram) between the c a l o r i m e t e r s .  The s ta t ic  p r e s s u r e  was 
s ampled  at  these  points through o r i f i c e s  0.5 mm in d i ame te r .  These  o r i f i ce s  were  d r i l l e d  so as to ensure  
r emova l  of a l l  b u r r s  f rom the inside su r face  of the tube. 

The a i r  flow through the t e s t  sec t ion  and the flow ra te  for  the wa te r  used to cool the mixing chamber  
and the p l a s m a t r o n s  were  m e a s u r e d  by means  of the m e t e r i n g  d isks .  The wa te r  flow ra te  was m e a s u r e d  
through each c a l o r i m e t e r  by means  of a volume method, the opera t ion  being c a r r i e d  out s imul taneous ly  for  
al l  sec t ions .  A constant  flow ra te  was main ta ined  by means  of a p r e s s u r i z e d  tank in which the level  was kept 
constant .  

The ave rage  t e m p e r a t u r e  for  the working a i r  was m e a s u r e d  by means  of a p l a t i n u m - p l a t i n r h o d i u m  
thermocouple  in a po rce l a in  jacke t  at  the outlet  f rom the t e s t  sect ion.  We used a po rce l a in  m i x e r  for this  
purpose ,  and it s imul t aneous ly  functioned in the ro le  of a t he r m a l  shie ld  for  the thermocouple .  The enthalpy 
at the inlet  to the t e s t  sec t ion was ca lcu la ted  f rom the known a i r  t e m p e r a t u r e  at  the outlet  and f rom the total  
quantity of heat  r emoved  f rom the sect ion.  This  method had been t e s ted  e a r l i e r  in expe r imen t s  in which it 
was poss ib le  to m e a s u r e  the a i r  t e m p e r a t u r e  T01 at  the inlet  (T01 -< 1600~ d i r ec t l y  by means  of a plat inum 
- p la t in rhodium thermocouple .  

The m e a s u r e d a a d  ca lcu la ted  values  of T01 in these  expe r imen t s  were  v i r tua l ly  ident ica l  (in ce r t a in  
c a s e s  the devia t ions  amounted to 5-7~c). This a l so  provided  a bas i s  for the assumpt ion  that the t e m p e r a -  
ture  prof i le  at the inlet  to the t e s t  sec t ion was quite uniform. 

To de t e rmine  the ini t ia l  ene rgy  th ickness  at  the tube inlet  (see (5) below) the mixing chamber  was 
e a l o r i m e t e r e d  (the t h e r m o m e t e r s  were  graduated  for  0.1~ and the t e m p e r a t u r e  d i f ference  for  the wa te r  
was At = 3-4~ 

406 



A ~  2 
e ~ 3  

o ~  
o,~, 

9 
( 

q~ o,8 w/w o 
Fig. 2 

iO J 

Fig. 3 

F i g .  2. D i s t r i b u t i o n  of v e l o c i t i e s  in the  t u r b u l e n t  c o r e  a t  the  ou t l e t  f r o m  
the tube ,  fo r  v a r i o u s  i n s t a n c e s  of n o n i s o t h e r m i c i t y ;  1) m e a s u r e m e n t s  wi th  
a P i t o t  tube;  2) m e a s u r e m e n t s  by m e a n s  of a t r a c i n g  me thod ;  3) N t k u r a d z e  
da ta ,  Redo = 1 .1 .105  [12]; 1-3)  fo r  Ch = 1; 4) m e a s u r e m e n t s  by  m e a n s  of an 
e l e c t r o n - o p t i c a l  me thod  (#h = 0.2).  

F ig .  3. The funct ion S t i l ~ r ~  i = U~e  **~. 1) i n i t i a l  s e g m e n t ;  2) s t a b i l i z e d  ~ '  hi '" 
s e g m e n t .  

B e f o r e  the  m a i n  e x p e r i m e n t s ,  we d e t e r m i n e d  the hea t  l o s s e s  fo r  the  t e s t  s e c t i o n .  Hot w a t e r  a t  a t e m -  
p e r a t u r e  of 40~ was  fed into the c a l o r i m e t e r s  fo r  th i s  p u r p o s e .  T h e s e  t e s t s  showed tha t  the  h e a t  l o s s e s  
a m o u n t  to l e s s  than  1%. P r i o r  to each  t e s t ,  we c h e c k e d  the c l e a n n e s s  of the  f in i sh  on the in s ide  tube s u r -  
face .  D e s p i t e  s o m e  l o s s  of ca thode  m a t e r i a l ,  the  tube  s u r f a c e  r e m a i n e d  c lean .  

The t e s t s  w e r e  c a r r i e d  out  in s t e a d y  r e g i m e s ,  wi th  the  vo l t age  at  the  p l a s m a t r o n  f luc tua t ing  no m o r e  
than  :~1%. An M-20 c o m p u t e r  was  used  to r e d u c e  the e x p e r i m e n t a l  da ta  in the  f o r m  of the  funct ions  

S~. ipr  v'75 
T~ = ] (Re~),  ( l )  

q,wi (2) 
St i - gpoWoAh, 

w h e r e  qwi is  the  quan t i t y  of h e a t  r e c e i v e d  by e a c h  s ec t i on ;  z~h i s  the  d i f f e r e n c e  in e n t h a l p y  be tween  the tube 
a x i s  and the wal l ;  P0 and W 0 a r e ,  r e s p e c t i v e l y ,  the  d e n s i t y  and v e l o c i t y  a t  the  tube ax i s  in the  i n i t i a l  s e g -  
men t ,  and  t h e s e  w e r e  found f r o m  the m e a s u r e d  s t a t i c  p r e s s u r e s  P i  by  use  of the  g a s d y n a m i c  func t ions  

%Wo = v 'W* q (~),  
1 

W* = g R T o i '  'Y* ~-  Yot ' Xi : f \ p c h ]  

w h e r e  Pch i s  the  s t a g n a t i o n  p r e s s u r e  in the  m i x i n g  c h a m b e r .  

The R e y n o l d s  n u m b e r  in (1) is  d e t e r m i n e d  f r o m  

Pe'** '** ~e** = "" ~i -~- Reh,~+l 
*x hi 2 ' 

which c o r r e s p o n d s  to i t s  va lue  a t  the m i d p o i n t  of e a c h  s e c t i o n .  H e r e  ReL.. and Re . . . .  a r e  the  v a l u e s  of 
LlJ. fl~ 1 + 1 

the  n u m b e r s  c o r r e s p o n d i n g  to the  i n i t i a l  and f inal  s e c t i o n s  of the  s e g m e n t  s u b j e c t e d  to c a l o r i m e t r y ;  
i 

~ qw,l* 
Re'** l Pe** (4) 

h~ - -  - J - " "  hO ~ ~w Ahg 

** is  the  i n i t i a l  va lue  fo r  the  R e y n o l d s  n u m b e r ,  de f ined  a s  Reh0 

OAtcp (5) 
Reh ~  o 

w h e r e  G/XtCp is  the  quan t i t y  of hea t  r e m o v e d  f r o m  the m i x i n g  c h a m b e r ;  Dch is  the c h a m b e r  d i a m e t e r ;  Ahch 

= hot - hw ch; hw ch i s  the  e n t h a l p y  of the  c h a m b e r  wa l l ;  h01 i s  the  s t a g n a t i o n  en tha lpy .  
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o 2 

The re la t ive  function ~I, i is found f rom the equation 

4 ( ,  - -~ .  ~:) ~ h = l +  
( ,  - 8 . 2  ' 

which was der ived in [8]. Here  
2 cg= 

(2.5 lnRe** +3.8)  2 

The value of ~, found f rom (6), is substi tuted into (1). 

(6) 

The exper imenta l  points in the stabi l ized segment were pro-  
cessed  in the following manner .  

The enthalpy difference zSh in (2) for  the section x was found 

a 0'~ o,5o qr5 ~b 

Fig. 4. The function ~I, = f(ibh): 
1) formula (12); 2) formula (6), 
Re~* = 300; 3) formula (6), R e ; *  f rom 

i 
= 104; a) exper imenta l  points.  ~ q w ! l ~ _  Ga(hol__hw) 

I 

h~ ( l --1 

On\  Ro --~h'l'3 
26** 

were  hoi is the enthalpy at the tube axis in the stabil ized segment.  

and 
Equation (7) follows f rom the energy balance, with considerat ion of the assumption that 6~* = 6 '*  

(7) 

PoWo-- P~176  ~const.  (8) 
6* 

1 - - 2 - -  
Ro 

The integral  cha rac t e r i s t i c s  of the boundary layer  for  the main segment  were  de termined  f rom 
= ~1/7; 6 ' / 6 " *  = ~b h . H  0 = 1.3 r 5 = R  0. 

To ver i fy  this s ta tement ,  we measured  the veloci ty profi les  at the tube outlet by t racing the flow with 
minute par t ic les  [9-10]. The resul ts  show that for Reynolds numbers  of Re h**, which prevai l  in our  exper i -  

ments ,  and for the range 1 > Ch > 0.1, the veloci ty distr ibution in the turbulent  core  vir tual ly coincides 
with the " l / 7 - t h  power law" (Fig. 2). 

A s imi la r  resu l t  had been obtained e a r l i e r  in [7] by means of a pneumometr ic  probe.  

The beginning of the main tube segment  was found f rom (7), when 

hoz - -  h.w, = 1 ~- 0.01 _ ~  . 

ho, --h,w 
We can find the values of Re~* for the main segment  by using (8) for this purpose,  and also the relat ionship 

6 h = ~hH ho __  h ~ w ,  PoWo2~Ro ~ ho ~ _ hw, (hoi__hw)gpoWo 
x H 

x = x/2Ro. 

Equation (9) is der ived f rom the equation of energy for a cyl indr ical  tube: 

1 0 R~176176 -~- hh 2~RoYoWo Ox YoWoAhRo Ox 

Figure 3 shows the exper imenta l  data obtained for the initial and stabi l ized tube segments .  Since the 
va lues  of Re~* and St i for  the stabi l ized section in each regime var ied only slightly, these data have been 
plotted in Fig. 3 as the open c i rc les ,  which r ep re sen t  the average of 3-6 exper imenta l  points. Str ict ly 
speaking, the proposed method of p rocess ing  the exper imenta l  data for  the stabil ized segment of the tube is 
somewhat a rb i t r a ry .  Never the less ,  the resu l t s  for  the stabil ized section in most  reg imes  obey the general  
quantitative relat ionship of the curve in Fig. 3, and this is in good agreement  with the known relat ionship 

0.0126 St = (10) 
(Reh,)O.25 pr o.75" 
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We shou ld  po in t  out tha t  a c e r t a i n  i n d e t e r m i n a c y  in e x p r e s s i o n  (5) m a y  l ead  to an i n a c c u r a t e  d e t e r -  
** 

ru ina t ion  of Ret~0*, which  is  n o t i c e a b l e  for  the v a l u e s  of Rehi  in (4) fo r  the f i r s t  c a l o r i m e t e r s .  N e v e r t h e -  
l e s s ,  th i s  c i r c u m s t a n c e  has  v i r t u a l l y  no e f f ec t  on the  f ina l  r e s u l t  of (10), s i n c e  the e x p e r i m e n t a l  v a l u e s  of 
St i a r e  w e a k  func t ions  of the R e y n o l d s  (Re~*) ~ 

It i s  d e m o n s t r a t e d  in [11] tha t  in d e t e r m i n i n g  the s t a n d a r d  m a g n i t u d e  St 0 on the b a s i s  of 

Re;* = Woa~*po (11) 
~w 

the e x p e r i m e n t a l  po in t s  c o r r e s p o n d i n g  to the va lue  of the r e l a t i v e  Stanton n u m b e r  @ for  Ch < 1 g roup  

t h e m s e l v e s  r a t h e r  t i gh t ly  about  the  c u r v e  d e s c r i b e d  [1] by  the l i m i t i n g  f o r m u l a  

= 1 / ~ +  1 (12) 

which a l s o  fo l lows f r o m  (6) a s  Re ~ ~o. 

F i g u r e  4 shows  the e x p e r i m e n t a l  da t a  in the  c o o r d i n a t e s  

--f(%), T-St~ 
St o" 

The va lue  of St is  d e t e r m i n e d  f r o m  (2), whi le  tha t  of St 0 is  d e t e r m i n e d  f r o m  (10) and (11). Th is  c u r v e  
shows  s a t i s f a c t o r y  a g r e e m e n t  with the e x p e r i m e n t s  of o t h e r  a u t h o r s  whose  r e s u l t s  a r e  p r o c e s s e d  in the  
s a m e  way  and a n a l y z e d  in [11], and m o r e o v e r ,  i t  c o n f i r m s  the c o n c l u s i o n  d rawn  in the c i t e d  r e f e r e n c e  as  
to the p o s s i b i l i t y  of u s ing  the l i m i t i n g  f o r m u l a  (12), if St 0 is  found with c o n s i d e r a t i o n  of (11). H o w e v e r ,  
b e t t e r  a g r e e m e n t  wi th  the  e x p e r i m e n t  is  found in the  e a s e  of f o r m u l a  (6), when c o n s i d e r a t i o n  is  given to 
the f i n i t e n e s s  of the  R e y n o l d s  n u m b e r s .  C a l c u i a t i o n  on the b a s i s  of t h i s  f o r m u l a  for  Ret~* = 300 and 104 is 
shown by c u r v e s  2 and 3 in F ig .  4. 

~h  = hw/hn  
q~ = S t / S t  0 
St 0 

qw 
Re~* 

Pol, W01, Po, and W 0 
k = f(T01) 
Ga 

l i 

P~v 
h0~-h  w and h 0 i - h  w 

5~* and 5"* 

Ro 
W / W  0 = c~ 

Redo = W02R0P0~/#0~ 

i s  the 

i s  the  
is  the  
is the 

NOTATION 

e n t h a l p y  f ac to r ;  

r e l a t i v e  h e a t - t r a n s f e r  coe f f i c i en t ;  
Stanton n u m b e r  under  s t a n d a r d  cond i t i ons ;  
hea t  flow at  the wal l ;  

is  the  R e y n o l d s  n u m b e r ,  c a l c u l a t e d  on the b a s i s  of the  s i ze  of the e n e r g y  l o s s ;  
a r e ,  r e s p e c t i v e l y ,  the d e n s i t y  and the v e l o c i t y  at  the tube in le t  and at  the tube ax i s ;  
i s  the a d i a b a t i c  exponent ;  
is  the a i r  flow r a t e ;  
is  the length  of the s ec t i on ;  
i s  the c o e f f i c i e n t  of d y n a m i c  v i s c o s i t y  a t  the t e m p e r a t u r e  of the wal l ;  
a r e ,  r e s p e c t i v e l y ,  the e n t h a l p y  d i f f e r e n c e s  at  the ax i s  and at  the wal l  fo r  the in i -  
t i a l  and m a i n  s e g m e n t s ;  
a r e  the e n e r g y  and m o m e n t u m  t h i c k n e s s e s ;  
is  the tube r a d i u s ;  
is  the d i m e n s i o n l e s s  v e l o c i t y  in the b o u n d a r y  l a y e r ;  
i s  the Re n u m b e r  on the b a s i s  of the  i n l e t  p a r a m e t e r s ;  
i s  the s p e c i f i c  we igh t .  
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