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The friction in the preseparation zone and the heat transfer in the 
separation zone of turbulent boundary layer have been experimentally 
investigated for flows of heated air in diffusers with cooled walls. An 
experimental method of determining the separation point is proposed 
together with a eriterial equation for calculating the heat transfer in 
the separation zone. 

The ca l cu la t ion  of the s e p a r a t i o n  point  of a t u r b u -  
len t  boundary  l a y e r  has been  the sub jec t  of a number  
of s tud ies  ( [1-4] ,  e tc .  ). An a n a l y s i s  of these  s tud ies  
shows that  a number  of methods  have not been  e x p e r -  
i m e n t a l l y  eva lua ted  owing to the l a ck  of r e l i a b l e  t e s t  
data .  

In connect ion  with the ca lcu la t ion  of the s e p a r a t i o n  
poin t  of a l a m i n a r  boundary  l a y e r ,  i t  has  been  e s t a b -  
l i shed  that  hea t  t r a n s f e r  between the wal l  and the m o v -  
ing flow is a compl i ca t i ng  f ac to r  which m a y  de l ay  
(cool ing effect)  or  p r o m o t e  (heat ing effect)  s e p a r a t i o n .  

We have e x p e r i m e n t a l l y  i nves t i ga t ed  the f r i c t i o n  
and hea t  t r a n s f e r  a s s o c i a t e d  with the flow of hea ted  a i r  
in d i f fu se r s  with cooled wal l s  with s e p a r a t i o n  of the 
tu rbu len t  boundary  l a y e r .  In g e n e r a l i z i n g  the e x p e r i -  
men ta l  data ,  we a lso  employed  the da ta  of [5, 6]. 

The e x p e r i m e n t s  cove red  the r a n g e  

R e = 1 , 7 . 1 0 5 - 9 , 4 5 . 1 0 5 ;  T ~ = 0 , 5 - 1 .  

The a x i s y m m e t r i c  d i f fuse r s  exh ib i ted  d i v e r g e n c e  
angles  of 8, 12, and 16 ~ . 

The e x p e r i m e n t s  we re  p e r f o r m e d  in the i n t e r m i t -  
tent  wind tunnel d e s c r i b e d  in de ta i l  in [5]. A f e a t u r e  
of the e x p e r i m e n t a l  zones is  the l a r g e  number  of con-  
t r o l  po in ts ,  which made  p o s s i b l e  the m o r e  a c c u r a t e  
f ixing of the pos i t i on  of the s e p a r a t i o n  point .  The d i f -  
f u s e r s  had cool ing j acke t s  d iv ided  long i tud ina l ly  into 
sec t ions .  The d i f fuse r  wal l s  we re  w a t e r  cooled.  Each 
sec t ion  had i t s  individual  cool ing s y s t e m .  T h e r e  we re  
13 s ec t i ons  in each  d i f fuse r .  

Dur ing  the e x p e r i m e n t ,  we m e a s u r e d  the ve loc i t y  
and t e m p e r a t u r e  d i s t r i b u t i o n  over  the c r o s s  s ec t i on  of 
the bounda ry  l a y e r ,  the wall  t e m p e r a t u r e ,  and the 
s t a t i c  p r e s s u r e  at  the wall  and in the flow in the con-  
t r o l  s ec t ions  of the e x p e r i m e n t a l  zone. The loca t ion  of 
the s e p a r a t i o n  po in t  was d e t e r m i n e d  f rom the shape  of 
the ve loc i t y  p ro f i l e  and the p r e s e n c e  of r e v e r s e  f low 
n e a r  the wal l .  

F r o m  the m e a s u r e d  ve loc i t y  and t e m p e r a t u r e  p r o -  
f i l e s ,  we ca l cu l a t ed  the in teg ra l  c h a r a c t e r i s t i c s  of the 
bounda ry  l a y e r  (up to the s e p a r a t i o n  point):  the m o m e n -  

rum th i ckness  0 ; the  d i s p l a c e m e n t  th i ckness  5*; and 
the e n e r g y  th i ckness  ~~ 

F r o m  the m e a s u r e d  r a t e s  of f low of the cool ing 
w a t e r  and i t s  t e m p e r a t u r e  r i s e  in each  sec t ion ,  we 
c a l c u l a t e d  the  m e a n  hea t  f lows within a given s ec t i on  
and then d e t e r m i n e d  the s p e c i f i c  hea t  flow to the wal l  

qw = Q / F .  
The hea t  f luxes  c a l c u l a t e d  f r o m  the ba l ance  we re  

used  to d e t e r m i n e  the Stanton numbe r .  The zones 
w e r e  i nve s t i ga t e d  up to the poin t  of bounda ry  l a y e r  
s epa ra t i on ,  so that  the p h y s i c a l  f e a t u r e s  of the s e p a -  
r a t i o n  flow in the d i f fu se r s  could  be  fu l ly  e s t a b l i s h e d .  

I t  has  been shown that  the longi tud ina l  p r e s s u r e  
g r a d i e n t  has only a s l igh t  e f fec t  on the t e m p e r a t u r e  
d i s t r i b u t i o n  u p s t r e a m  f rom the s e p a r a t i o n  point .  The 
t e m p e r a t u r e  f ie lds  a r e  c o n s e r v a t i v e  with r e s p e c t  to a 
pos i t i ve  longi tud ina l  p r e s s u r e  g r a d i e n t  and a r e  d e -  
f o r m e d  only s l i g h t l y  even in the  s e p a r a t i o n  zone, where  
the v e l o c i t y  p ro f i l e  changes  v e r y  s h a r p l y .  This  can be 
p a r t l y  a t t r i bu t e d  to the fac t  tha t  the longi tudina l  p r e s -  
s u r e  g r a d i e n t  does  not  e n t e r  d i r e c t l y  into the ene rgy  
equat ion,  w h e r e a s  i t  p l ays  a con t ro l l i ng  p a r t  in the 
equat ion of mot ion .  

In g e n e r a l i z i n g  the e x p e r i m e n t a l  data ,  we used  the 
s o - c a l l e d  Reyno lds  ana logy  f a c t o r  

k = _  Cf 
2 s t  ' (1)  

where  c f  is  the coef f ic ien t  of f r i c t i on .  
In F ig .  1 the mod i f i ed  Reyno lds  analogy f a c t o r  is  

shown as  a funct ion of the longi tud ina l  p r e s s u r e  g r a d i -  
ent.  

The e x p e r i m e n t a l  r e l a t i o n  ob ta ined  is  s a t i s f a c t o r i l y  
d e s c r i b e d  by  the e x p r e s s i o n  

k =  ( 1 - - -  F )4p r  o.4a, 
F :r (2) 

whe re  F = (0/p 1U~)(dU1/dx) Re~* 25 i s  the  f o r m  p a r a m -  
e t e r  of the p r e s s u r e  g rad ien t ;  Fcr  (00/PlU~) x 
x (dUJdx)  Re~' :  5 is  the f o r m  p a r a m e t e r  of the long i tu -  
d inal  p r e s s u r e  g r a d i e n t  c a l c u l a t e d  f r o m  the m o m e n t u m  
th i ckness  00 in the i m m e d i a t e  v i c i n i t y  of the  s e p a r a -  
t ion point;  Ul is  the v e l o c i t y  ou t s ide  the bounda ry  l a y e r  
within a given sec t ion  of the d i f fu se r  channel .  

As m a y  be seen  f rom e x p r e s s i o n  (2), when F - - '0  
a n d P r  = 1, k ~ l .  

As F ~ Fcr,  k - -  0, which c o r r e s p o n d s  to the p h y s -  
i ca l  mode l  of a f low with a p o s i t i v e  longi tud ina l  p r e s -  
s u r e  g rad ien t .  
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Fig.  1. Reyno ld ' s  ana logy f a c t o r  a s  a function of the 
f o r m  p a r a m e t e r  of the longi tudinal  p r e s s u r e  g rad i en t :  
1) fl -- 12 ~ , Re 0 = (1.9--5.5) �9 105; (2--11) fl = 16~ 2) Re 0 = 
0.91 �9 104; 3) 1.14 �9 105; 4) 1.88 �9 105; 5) 1.95 �9 105; 
6) 2.41 �9 105; 7) 2.44 �9 105; 8) 2.97 ' 105; 9) 3.08 �9 105; 
10) 3.74 �9 105; 11) 3.84 �9 10 ~. 

To use  th i s  r e l a t i o n  to d e t e r m i n e  Fcr,  i t  i s  n e c e s -  
s a r y  to f ind the funct ional  dependence  of Fcr on the 
Reynolds  n u m b e r  and on the t e m p e r a t u r e  f ac to r ,  s ince  
at  a f ixed  va lue  of dp /dx  the pos i t i on  of the s e p a r a t i o n  
poin t  depends  on these  quan t i t i e s .  

In F ig .  2 we have p lo t t ed  the e x p e r i m e n t a l  r e l a t i o n  
be tween  Fcr and (Re00, Tw)" This  r e l a t i o n  is s a t i s f a c -  
t o r i l y  d e s c r i b e d  by  the e x p r e s s i o n  

a ~ Ig Re~ 
- -0 .5  T~ (3) 

F c r =  b ' 

where  Reo0 = U100/~; a = L88;  b = 2.7. 
E x p r e s s i o n  (3) r e f l e c t s  the p h y s i c a l  mode l  of f low 

under  the condi t ions  in ques t ion .  
Thus,  as  the cool ing r a t e  i n c r e a s e s ,  s e p a r a t i o n  is  

de layed ,  which c o r r e s p o n d s  to the conc lus ions  of [6, 7] 
r e l a t i n g  to a l a m i n a r  boundary  l a y e r .  

Using (2) and (3), we can wr i t e  

( (-r) ] 
k =  l -  ]/ (4> 

a - l g  
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Fig .  2. Re la t ion  be tween  Ite0o, Tw, 
and rot (A = -- i )  = 

-- 12 ~ , Re(} = ( 1 . 9 - 5 . 5 ) - 1 0  s, (2 -10)  
fl = 16~ 2) Reo = 1.01 - l0  s; 3) 1.12" 
�9 10s; 4) 1 .14-10s ;  5) 1 .95 .10s ;  
6) 2.1 ' / �9 10 s; 7) 2.30" 10 a; 8) 2.58" 
"10s; 9) 2 .97"10s ;  10) 3 .00"10 ~. 

At the s e p a r a t i o n  point ,  

- - P b  
1.  

a - - l g  R e ~  (5) 
- -0 ,5  T~ 

Thus,  condi t ion (5) m a k e s  i t  p o s s i b l e  to ca l cu la t e  
the s e p a r a t i o n  poin t  of a tu rbu len t  bounda ry  l a y e r  by  
s u c c e s s i v e  a p p r o x i m a t i o n s ,  us ing  the a u t h o r ' s  pub-  
l i shed  work [5] on the ca lcu la t ion  of f r i c t i o n  in d i f fu se r s  
with cooled wal l s .  

No l e s s  i m p o r t a n t  a p r o b l e m  is  the ca l cu la t ion  of 
the hea t  t r a n s f e r  in the s e p a r a t i o n  zone and the s u b s e -  
quent eddy zone in d i f fu se r s .  

W h e r e a s ,  up to the s e p a r a t i o n  poin t  of the tu rbu len t  
boundary  l a y e r ,  i t  i s  p o s s i b l e  to use  the P r a n d t l -  
K~rm~n mix ing  length  hypothes i s  and obtain a c losed  
method  of ca lcu la t ing  the f r i c t i on  and hea t  t r a n s f e r ,  
us ing  the i n t eg ra l  r e l a t i o n s  of m o m e n t u m  and e n e r g y  
and in t roduc ing  addi t iona l  e x p e r i m e n t a l  r e l a t i o n s ,  in 

the s e p a r a t i o n  zone th is  app roach  is  not app l i cab le .  
We have made  an e x p e r i m e n t a l  inves t iga t ion  of the 

hea t  t r a n s f e r  in the s e p a r a t i o n  zone of a tu rbu len t  
boundary  l a y e r .  

In Fig .  3 the v a r i a t i o n  of the h e a t - t r a n s f e r  coef f i -  
c ien t  along the channel  is  given for  two r e g i m e s .  

I t  is  i n t e r e s t i n g  to note the i n c r e a s e  in the in t ens i ty  
of hea t  t r a n s f e r  a t  the s e p a r a t i o n  point  and i t s  s u b s e -  
quent dec l ine  in the s e p a r a t i o n  zone of the tu rbu len t  
boundary  l a y e r .  

This  was p r e v i o u s l y  noted by  L e o n t ' e v  in connec -  
t ion with s e p a r a t e d  f lows in nozz les  with M > 1. Obvi-  
ous ly ,  at  the s e p a r a t i o n  point ,  v o r t e x  f o r m a t i o n  s h a r p l y  
r e d u c e s  o r  to t a l ly  d e s t r o y s  the dynamic  and t h e r m a l  
boundary  l a y e r  and r e d u c e s  the t h e r m a l  r e s i s t a n c e  of 
the  l a y e r ,  a t  the s a m e  t ime  i n c r e a s i n g  the flow t u r b u -  
lence ,  which c a u s e s  an in t ens i f i ca t ion  of the m o l a r  
hea t  t r a n s p o r t .  

The e x p e r i m e n t a l  da t a  we re  g e n e r a l i z e d  in c r i t e -  
r i a l  f o rm.  

The ef fec t  of the longi tudinal  g r a d i e n t  was taken 
into account  by in t roduc ing  the E u l e r  number  

Eu= .Ap  
p0u  

In Fig.  4 we have p lo t ted the r e l a t i o n  

st ~ f (Re,; Eu; ~ ) ,  

oK, 

too o 
0 

0 0 0 0 

0 0 

% ;co 

I o - - /  
e ~ 2  

o o o o 

600 X 

Fig.  3. D i s t r i bu t i on  of l oca l  va lues  of 
the h e a t - t r a n s f e r  coef f i c ien t  (W/m 2 �9 
�9 deg) along the length  of the d i f fuse r  
(mm): 1) fl = 16~ Re 0 = 2.41" 105; 

2) fl = 16~ Re0 = 3.84" 105 . 
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�9 105; 9) 3.08.  105; 10) 3.84.  105; 11) 4.20" 105 . 

where Re x = xU1/vl; x is the l i nea r  d imens ion  along 
the g e n e r a t r i x  of the dif fuser  channel.  

The expe r imen ta l  curve in Fig. 4 is  sa t i s f ac to r i ly  
desc r ibed  by the power law equat ion 

St = 0.0082 Rex ~ r~u~ o.ls ,f~,;,o 5 . (6) 

As the c h a r a c t e r i s t i c  t empe ra tu r e ,  we have taken 
the t e m p e r a t u r e  of the flow core.  

Thus, the c r i t e r i a l  equation (6) makes  it poss ib le  
to calcula te  the h e a t - t r a n s f e r  coefficient  in the sepa -  
r a t ion  zone of a tu rbu len t  boundary  l aye r  v~ithin the 
range  of the expe r imen t s  conducted. 

NOTATION 

Ap is the s ta t ic  p r e s s u r e  drop at the wall between 
the in i t ia l  and the following sec t ion  of the channel;  P0 
and U0 are ,  r espec t ive ly ,  the s ta t ic  dens i ty  and the 
flow veloci ty  at the dif fuser  inlet;  fi is the diffuser  

d ivergence  angle; Re 0 = P0U0d0/~0; d o is the d i ame te r  of 
the diffuser  in le t  section;  t~0 is  the dynamic  v i scos i ty  
of a i r  at the diffuser  inlet�9 
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