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R e s u l t s  of an 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  of the heat  excha age in t u r b u l e n t  b o u n d a r y  l a y e r  
s e p a r a t i o n  z o n e s  a h e a d  of c y l i n d r i c a l  o b s t a c l e s  a t  a subson ic  a i r  s t r e a m  v e l o c i t y  a r e  e l u c i -  
da ted .  T h e  i n v e s t i g a t i o n  was  conduc t ed  for  c h a n g e s  in the r a t i o  be tween  the o b s t a c l e  d i a m e t e r  
and a t t i t ude  be tween  0.25 and 4, be tween  the b o u n d a r y  l a v e r  t b i c k n e s s  at  the  s e p a r a t i o n  poin t  
and  the  o b s t a c l e  a l t i t u d e  be tween  0.09 and 0.7, be tween  the  Reyno lds  n u m b e r  c o m p u t e d  by 
m e a n s  of the  f r e e  s t r e a m  p a r a m e t e r s  and the o b s t a c l e  he ight  be tween  104 and 4 �9 10 s. The  
M a c h n u m b e r  r e a c h e d  0.85. The  t e m p e r a t u r e  f a c t o r  was  0.7. It is shown tha t  the  d i s t r i b u t i o n  
of the  hea t  t r a n s f e r  c o e f f i c i e n t s  in the  s e p a r a t i o n  zone  de pe nds  on the  Reyno lds  and E u l e r  n u m -  
b e r s ,  the  r a t i o  be tween  the b o u n d a r y  l a y e r  d i s p l a c e m e n t  t h i c k n e s s  and the  d i a m e t e r  (or  a l t i tude)  
of the  o b s t a c l e ,  and the  r a t i o  be tween  the d i a m e t e r  and the a l t i tude .  C r i t e r i a l  d e p e n d e n c e s  a r e  
ob t a ined  which  ex tend  the h e a t - e x c h a n g e  r e s u l t s  at  c h a r a c t e r i s t i c  po in t s  of the  s e p a r a t i o n  
z o n e s ,  a s  a r e  a l s o  d i m e n s i o n l e s s  d i s t r i b u t i o n s  of the heat  t r a n s f e r  c o e f f i c i e n t s  to d e t e r m i n e  
the hea t  f luxes  on a p la t e  in the p l ane  of s y m m e t r y  of the s e p a r a t i o n  zone  ahead  of o b s t a c l e s .  

1. The  hea t  exchange  on the s u r f a c e  of bod ies  of c o m p l e x  shape  with  o b s t a c l e s  is connec t ed  with  
b o u n d a r y  l a y e r  d e t a c h m e n t  and the  f o r m a t i o n  of s e p a r a t i o n  zones .  T h e  r e s u l t s  of i n v e s t i g a t i n g  the heat  
exchange  in t w o - d i m e n s i o n a l  s e p a r a t i o n  z o n e s  ahead  of o b s t a c l e s  at  s u b s o n i c  s t r e a m  v e l o c i t y  have been 
e l u c i d a t e d  in [1]. The  flow in t h r e e - d i m e n s i o n a l  t u r b u l e n t  b o u n d a r y  l a y e r  s e p a r a t i o n  zones  ahead  of ob -  
s t a c l e s  in t h e  shape  of c y l i n d e r s ,  r e c t a n g u l a r  p a r a l l e l e p i p e d s ,  and s c r e e n s  was  i n v e s t i g a t e d  in [2]. P r e -  
s e a t e d  t h e r e  a r e  d a t a  on the  flow d i a g r a m s  and the c h a r a c t e r i s t i c  d i m e n s i o n s  of t he  s e p a r a t i o n  zones .  Some  
r e s u l t s  of i n v e s t i g a t i n g  the hea t  exchange  in t h r e e - d i m e n s i o n a l  s e p a r a t i o n  zones  f o r m e d  d u r i n g  t u r u b u l e n t  
b o u n d a r y  l a y e r  d e t a c h m e n t  ahead  of o b s t a c l e s  moun ted  on a p l a t e  a r e  e l u c i d a t e d  h e r e i n .  

T h e  e x p e r i m e n t s  w e r e  conduc ted  in a s u b s o n i c  wind  tunne l  with open w o r k i n g  s ec t i on .  The  e x p e r i -  
men ta l  s e c t i o n  was  a p l a t e  350 m m  wide  and 700 m m  long on which  c y l i n d r i c a l  o b s t a c l e s  of d i a m e t e r  D b e -  
tween 30 and 120 m m  and a l t i t ude  H =30 m m  w e r e  mounted .  T h e  o b s t a c l e  a l t i t u d e  was  H = 120 m m  for  
D ~ = D / H  =0.25.  The  t u r b u l e n t  b o u n d a r y  l a y e r  t h i c k n e s s  in the  p lane  of s y m m e t r y  of the s e p a r a t i o n  s ec t i on  
ahead  of the  o b s t a c l e  6 v a r i e d  be tween  2.7 and 20 mm.  

The  hea t  exchange  was  i n v e s t i g a t e d  by a me thod  b a s e d  on the  t h e o r y  of a r e g u l a r  mode  of the  f i r s t  
k ind.  P a c k e t s  of 31 and 20 f l a t  c o p p e r  c a l o r i m e t e r s  5 m m  wide  and f r o m  1 to 5 mm th ick  w e r e  a r r a n g e d  in 
the p l a n e  of p l a t e  s y m m e t r y .  The  change  in c a l o r i m e t e r  t e m p e r a t u r e  was  d e t e r m i n e d  on OT-24 o s c i l l o -  
g r a p h s .  

R e s u l t s  of i n v e s t i g a t i n g  the flow in the  n e i g h b o r h o o d  of o b s t a c l e s ,  which inc luded  flow v i s u a l i z a t i o n  on 
the o b s t a c l e  and p l a t e  s u r f a c e s  and d e t e r m i n a t i o n  of the  c h a r a c t e r i s t i c  d i m e n s i o n s  of the  s e p a r a t i o n  zones  
and d i s t r i b u t i o n s  of the  s t a t i c  p r e s s u r e  and b o u n d a r y  l a y e r  p a r a m e t e r s  in the  s e p a r a t i o n  s e c t i o n  ahead  of 
the o b s t a c l e ,  w e r e  used  to a n a l y z e  and ex t end  the h e a t - e x c h a n g e  da ta .  

T h e  flow d i a g r a m s  in the t h r e e - d i m e n s i o n a l  s e p a r a t i o n  zones ,  m a n i f e s t e d  as  a r e s u l t  of the  i n v e s t i g a -  
t ion {see [2]), a r e  shown in Fig .  1. The  t u r b u l e n t  b o u n d a r y  l a y e r  s e p a r a t e s  f r o m  the  p l a t e  on the s e p a r a t i o n  
l ine  1 and a t t a c h e s  to the  f r o n t a l  s u r f a c e  of the o b s t a c l e  at  the s p r e a d i n g  l ine  o r  poin t  2 to f o r m  a t h r e e -  

Moscow.  T r a n s l a t e d  f r o m  Z h u r n a l  P r i k l a d n o i  Mekhan ik i  i Tekhniche.~.koi F i z i k i ,  No. 6, pp. 83-89,  
N o v e m b e r - D e c e m b e r ,  1972. O r i g i n a l  a r t i c l e  s u b m i t t e d  May 10, 1972. 

1974 Consultants Bureau, a division of Plenum Publishing Corporazion, 227 g"est 17th Street, New York, N. Y. 10011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. A 
copy of this article is available from the publisher for $15.00. 

831 



~77-,\-3; 

% A 5 

C 

Fig. 1 

dimensional separat ion zone ahead of the obstacle. Stream reat tachment  at the frontal  surface of the ob- 
stacle occurs  according to scheme I (Fig. lb) for slight th ree-d imens iona l i ty  of the flow in the separation 
zone, with the formation of a spreading line analogous to the spreading line in the case of two-dimensional  
flow ahead of an obstacle. Schemes II or III are real ized for large three-dimensional i ty  of the flow, with 
the formation of the spreading point 2 or  the spreading line 2-2 ' .  

The flow ia the plane of s y m m e t r y  is accomplished according to two schemes which agree with the 
flow schemes  in two-dimensional  separation zones ahead of an obstacle (Fig. le). One additional c i rcu la -  
tion z'one is observed in the separation zone for a type A flow, which is formed upon detachment of the ne~r- 
wall boundary layer  on the separat ion line 3 and reat tachment  to the plate on the spreading line 4. Still 
another circulat ion zone exists in addition to the zone 3-4 for  a type B flow when the near-wal l  boundary 
layer  detaches on the line 5 and reat taches  to the plate on the spreading line or  point 6. 

The flow picture in the neighborhood of the obstacle is determined by the pa rame te r s  D ~ 6*/H and 
depends, as in the two-dimensional  flow case, on the Euler  E = p / p u  2 and Reynolds R = u H p / p  or R' =uDp/~ 
cr i ter ia ,  where 6* is the boundary layer  displacement thickness in the plane of symmet ry  at the point 1, 
u, p, p, ~ are  the f r e e - s t r e a m  velocity, density, static p re s su re , and  dynamic coefficient of viscosi ty.  

2. Typical  distributions of the heat t r a n s f e r  coefficients a (W/m 2 �9 deg) in the plane of symmet ry  of 
the separat ion zone are  presented  in Fig. 2 (D ~ =2, 6 " / H = 0 . 0 3 ) ,  x ~ =x/H, h ~ =h/H, where x and h are  coordi-  
nates measured  f rom the base of the obstacle (Fig. lc).  The experimental  data corresponding to point 1 
are obtained for R=6  �9 104 and E =26, and to point 2 for  R=2.9  �9 105 and E =0.85. 

The distribution of the static p r e s s u r e  coefficients 

C = 2 (po -- p) / 9 uz 

is shown in Fig. 2 for  the second mode, where P0 is the static p r e s s u r e  on the surface. 

The s t rokes  there  denote the coordinates of the separat ion 1, the boundary layer  reat tachment  2, and 
spreading points 4 (see Fig. 1), manifested as a resul t  of investigation of the flow configuration. Analysis  
of the experimental  data showed that the distribution of the heat t r a n s f e r  coefficients is not se l f - s imi la r  in 
the separat ion zone and depends on the Reynolds and Euler numbers and on the pa rame te r s  D ~ and 6 */H. 

Let us consider  the heat flux distribution on the  obstacle. For  low numbers R (point 1 in Fig. 2), 
a diminishes monotonically in the separat ion zone f rom the spreading point 2 to the base of the obstacle.  For  
high Reynolds numbers ,  say,for  R =2.9 �9 105 (point 2 in Fig. 2), the nature of the heat flux distribution changes 
and the values of a at the obstacle base exceed the values of a at the spreading point 2. This is explained 
by the fact that as the Reynolds number increases ,  a t ransi t ion heat exchange mode appears in the nea r -  
wall boundary layer  on the obstacle. 
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The nature of the ~ distribution in the separat ion zone on the plate also depends on the Reynolds num- 
ber. For  low numbers  R, say,  for R = 6 �9 10 4 (point 1 in Fig. 2), the maximum ~ in the th ree-d imens iona l  
separat ion zone agrees  with the spreading line 4 (Fig. 1) at the obstacle base. For  high Reynolds numbers 
(point 2 in Fig. 2), there  is a second maximum of a at the end of the acce lera ted  portion of the flow, agree-  
ing approximately with point 8 (Fig. 2) of the static p r e s s u r e  minimum on the plate in the separat ion zone. 
Cr i ter ia l  p rocess ing  of the heat-exchange data according to local flow pa rame te r s ,  ca r r i ed  out according to 
the method in [3], showed that a t ransi t ion f rom the laminar  to the turbulent flow mode occurs  on the 
acce lera ted  flow portion f rom point 4 in the near-wal l  boundary layer.  The velocity on the boundary of the 
near-wal l  boundary layer  grows during flow f rom the spreading point 4, according to an almost  power law 
with exponent 0.6-0.8. Hence, ~ diminishes on the laminar  portion of the flow and increases  on the tu rbu-  
lent portion. 

It should be noted that not only an increase  in the number R but also a change in Euler  number and 
the pa rame te r s  6*/H and D ~ resul ts  in analogous changes in the nature of the ~ distribution on a plate and 
obstacle if an increase  in the local values of the Reynolds number in the separat ion zone is caused thereby.  

3. The lack of se l f - s imi la r i ty  in the heat flux distribution and the difference in the heat exchange 
modes and the flow schemes in the separa te  port ions of the separat ion zone make the computation of local 
values of the heat t r ans f e r  coefficient in the separat ion zone substantially more  difficult. Results  of p roc -  
ess ing heat exchange data at charac te r i s t i c  points ofthe plane of symmet ry  of the separat ion zone are  
presented  below. 

Let us examine heat exchange at the spreading point 2 on the obstacle. In the case of flow according 
to scheme 1 (Fig. lb), 2 du/dh >> du/dz at point 2. P roces s ing  the heat-exehsnge data showed that in the 
neighborhood of the spreading line, exactly as in the two-dimensional  flow case [3], an original l aminar  
heat-exchange mode is realized.  Assuming the heat exchange at point 2 to depend on the velocity gradient 
analogously to the heat exchange on the spreading line of a laminar  boundary layer ,  and taking into account 
that according to experimental  resul ts  
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we can compute ~2 f rom the dependence 
N~ = AR~ ~ 

R~ = u h ~ p ~  -1 [(Ca -- .C9) p I p~]0.~ 

(3.2) 

where u 9 is the maximum velocity on the boundary of the near-wal l  boundary layer  on the obstacle. The 
subscr ipts  1-9 cor respond to the pa rame te r s  at the points denoted in Figs. 1 and 2. 

The proport ional i ty  coefficient A is not a constant. P rocess ing  the data obtained, whose resul ts  are  
shown in Fig. 3, showed that the dependence A=f(R,  E, D ~ 6 */H) for  obstacles  of diverse  geometr ic  shape 
can be extended as a dependence on the number  II 2 and the pa rame te r  

u* = [(C2 - C 7 ) / ( i  - C7)] ~ 

The parameter u* has the meaning of a dimensionless velocity on the separating streamline in a sec- 
tion coincident with the point 7 (Fig. 2) of the static pressure maximum in the separation zone on the plate. 

The experimental points 1 and 2 correspond to the value u* =0.9, points 3 and 4 to 0.7, and point 5 to 
0.4-0.6. The points 1 are obtained when processing heat-exchange data on the frontal surface of cylindrical 
obstacles with D ~ --4. The remaining points are obtained when processing the authors' data on heat ex- 
change on the frontal surface of obstacles in the shape of rectangular parallelepipeds with a ratio 2 and 4 
between the width and the height (points 2 and 3, respectively) and in the case of two-dimenslonal flow ahead 
of an obstacle as 5*/If changes from 0.06 to 0.8 (points 4 and 5). The magnitude of the temperature factor 
is T O =0.7 and the Prandtl number is ff =0.7. 

As the number R 2 increases, A growstwo-tothreefold, which is apparently related to the influence of 
elevated turbulence in the separation zone on the laminar heat exchange inthe neighborhood of the point 2. As 
6*/H and D ~ diminish, stream jets approach the spreading point 2 from domains approaching the boundary 
of the boundary layer, which corresponds to an increase in the parameter u* and a diminution of the inten- 
sity of turbulence. Data on the change in A =f(R2, u*) agree qualitatively with the data in [4] on the influ- 
ence of the Reynolds number and intensity of stream turbulence on the heat exchange in the laminar portion 
of the accelerated flow. 

Analysis of heat-exchange data on an obstacle for flows according to schemes II and Ill (Fig. lb) 
showed that a laminar heat-exchange mode is also realized at the point 2. Hence, (du/dh) 2 -< (du/dz) 2 and 
(du/dz)2 ~ u/D in the band of the DO and 5* parameters investigated. In this case it is expedient to compute 
~2 by means of the dependence 

N2' = B (R..') ~ N~' =- a D  / ~,, R~" = ~Dp~ / p. (3.3) 

A dependence of the proport ional i ty  coefficient B on the pa rame te r s  DO and 5*/D is presented in 
Fig. 4. The experimental  points 1-5 cor respond  to the numbers  R "  10 -~ =0.7, 1.2, 2, 4, and 9. Curve 1 
averages  the data obtained for  DO =1, curve 2 for  D ~ =2. The dashed line corresponds  to the computed value 
of the coefficient B on the spreading line of an infinite cylinder s t reamlined t r ansve r se ly  for  cr =0.7 and 
T O =0.7. The computed value of B for a cylinder agrees  well with the experimental  resul ts  obtained in this 
wind tunnel. This indicates the absence of the influence of f ree  s t r eam turbulence on the spreading line of 
an infinite cylinder.  
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In contras t  to the coefficient A of the dependence (3.2), the proport ionali ty coefficient B is independent 
of the Reynolds number in the range of pa r ame te r s  investigated. The increase  in B as the p a r a m e t e r  

* / D grows is related to an increase  in the three-d imensional i ty  of the flow in the neighborhood of the point 
2. Thus for  D O =1 and 5*/D ~ 0.04 the scheme of the flow on the frontal  surface  of the obstacle is recon-  
s t ructed  f rom III to II. An increase  in the pa rame te r  D ~ f rom 1 to 2 also resul ts  in a growth in the t h r e e -  
dimensionality of the flow at point 2 and an increase  in B. 

Let us examine the heat exchange at the plate at the separat ion 1, spreading 4 (Fig. 1),and maximum 
veloci ty points in the r eve r se  cur rents  zone 8 (Fig. 2). 

The heat exchange at the separat ion point 1 can be computed by means of the dependence 

N1 = 0.029 Rl~176 ~ (3.4) 
N1 = ~111/~0, R1 ~ uJ lP l /90  

where ll is an effective coordinate computed by the method in [5]. The subscr ipt  0 r e fe r s  to pa r ame te r s  
at the wall t empera tu re .  

The computation of ll r a i ses  certain difficulties associa ted  with taking account of the t h r ee -d imen-  
sionality of the flow. 

Analysis  showed that a simplified method can be used in a broad range of the p a r a m e t e r s  D o and 6*/D 
to compute al .  According to this method l 1 is computed by means of the veloci ty d i s t r lbu t ionontheboundary  
of the boundary layer  without taking account of spreading, i.e., as in the case of a two-dimensional  flow [5]. 
The influence of spreading f rom the plane of s y m m e t r y  on the heat exchange at the point of boundary layer  
detachment is taken into account by using an experimental  coefficient K. For  the incompress ib le  flow case 
the dependence for  the computation of l 1 can be converted into 

h = ( i  - -  c )  =~ f ( t  - C)~ (3 .5 )  
0 

Results  of p rocess ing  experimental  resul ts  for  which l 1 was determined by means of (3.5) are  shown 
in Fig. 5. The experimental  points 1-4 have been obtained for  DO =0.25, 1, 2, and 4, respect ively,  and 
6*/D=0.01-0.1 .  Points 5-7 have been obtained for  experiments  with obstacles  in the shape of rec tangular  
p a r a l l e l e p i p e d s w i t h a w i d t h - h e i g h t r a t i o o f  1, 2, and 4. The dependence (3.4) is shown by the dashed line 8. 
All the data are  general ized by the dependence 

IV1 = O.029KR~~176 ~ (3.6) 

where K=1.3 (line 9) in the range of parameters :  investigated. In the general  case, the cor rec t ion  coeffi- 
cient K apparently depends on the p a r a m e t e r s  D ~ and 6*/H.  For  the two-dimensional  flow case (D ~ = co) 
K = I  [11. 

Results  of p rocess ing  data on heat exchange at the points 4 (Fig. 1) and 8 (Fig. 2) a re  presented in 
Fig. 6a and b. The experimental  points 1-4 cor respond  to the values D ~ =0.25, 1, 2,and 4, and the point 5 to 
the case  of two-dimensional  flow ahead of an obstacle. All the heat-exchange data at the spreading point 4 
in the range of p a r a m e t e r s  investigated can be general ized by one curve in the coordinates 
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N4 = a4h2 / k, B~ .... tth,.o~ i ~t 

The ana lys i s  of expe r imen ta l  r e s u l t s  on the flow port ion 4-8 showed that  the maximum veloci ty  tn the 
r e v e r s e  flow zone u 8 and the coordina te  x 8 can be se l ec t ed  as c h a r a c t e r i s t i c  quant i t ies  governing the heat 
exchange at the point 8. Use of these  quant i t ies  p e r m i t t e d  genera l i za t ion  of the data obtained for  D ~ =0.25-  
4 and 6 * / D =  0.01-0.1,  D ~ = oo and 6 * / H  = 0.03-0.8,  R = 1 0 4 - 4  �9 105, and E =0.85-200 by the one dependence 

Ns = 0.04Rs ~ (.Vs : asz8 / L 8~ = ~sxso~/~) (3.7) 

The c r i t e r i a l  dependence (3,7) has been obtained fo r  T O =0.7, a =0.7. R s =3" 103-105 and is shown by 
l ine 6 in Fig. 6b. 

The lack of s e l f - s i m i l a r i t y  in the heat  flux d i s t r ibu t ion  in the sepa ra t ion  zone makes  cons ide rab ly  
more  diff icult  the gene ra l i za t ion  of the expe r i m e n t a l  r e su l t s .  The d is t r ibu t ion  of the h e a t - t r a n s f e r  co-  
ef f ic ients  in the plane of s y m m e t r y  of the sepa ra t ion  zone ahead of the obs tac le  tu rned  out to be r e p r e s e n t e d  
conveniently in the coord ina tes  

a ' = ( ~ - u l )  i ( a ~ - - a ~ ) ,  x ' = z l x ,  

D imens ion les s  d i s t r ibu t ions  of the h e a t - t r a n s f e r  coeff ic ients  ahead of a cy l ind r i ca l  obs tac le  for  DO =2 
a re  shown in Flg.  7a. The expe r imen ta l  points  1-6 have been obtained for  R s " 10 -~ =0.3, 0.5, 0.8, 2, 4,and 
8, r e spec t i ve ly .  Fo r  R s < 2 �9 104, when no t r ans i t i on  f rom l a m i n a r  to turbulent  flow occurs  on the flow p o r -  
t ion 4-8 ,  the expe r imen ta l  data  obtained for  different  va lues  of the numbers  R, E,and ~*/Dcan be gene ra l i z ed  
by the s ingle  curve  denoted by the so l id  l ine 7. 

F o r  o ther  va lues  of D ~ s t r a t i f i ca t ion  of the curves  a '  = f ( x ' )  a lso  does not occur  if R s < (2-3) " 104. 
D imens ion le s s  a d i s t r ibu t ions  for  D ~ =0.25, 1, 2, and 4 which a r e  independent of the number  R s a r e  shown 
in Fig.  7b by the curves  1, 2, 3, and 4, r e spec t i ve ly .  

F o r  l a r g e  numbers  R a the a d i s t r ibu t ion  in the plane of s y m m e t r y  of the sepa ra t ion  zone ahead of the 
obs tac le  can be de t e rmined  by means  of nomograms  analogous to Fig. 7a for  D ~ =2. The value a~ can hence 
be used  as  the p a r a m e t e r  governing s t r a t i f i ca t ion  of the curves .  

As a r e s u l t  of the r e s e a r c h  conducted, the heat  exchange in the plane of s y m m e t r y  of turbulent  
boundary l a y e r  sepa ra t ion  zones ahead of cy l ind r i ca l  obs tac les  was invest igated.  Dependences have beer. 
obtained to  compute the heat flux, in which ava i lab le  data  on the d i s t r ibu t ion  of the s ta t ic  p r e s s u r e ,  ve loc i ty ,  
and c h a r a c t e r i s t i c  d imens ions  of the sepa ra t ion  zones we re  used. 

The authors  a r e  gra te fu l  to V. S. Avduevski i  for  d i scuss ing  the r e s e a r c h  r e su l t s .  
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