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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  hea t  exchange  in s e p a r a t i o n  zones  of  a t w o -  
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  ahead  of a r e c t a n g u l a r  s t e p  a r e  e l u c i d a t e d  f o r  a s u b -  
s o n i c  a i r  s t r e a m  v e l o c i t y .  

The i n v e s t i g a t i o n  was  c a r r i e d  out  fo r  a 0 .09-4  change  in  the  r a t i o  b e t w e e n  the  b o u n d a r y  l a y e r  t h i c k -  
n e s s  in the  s e p a r a t i o n  s e c t i o n  and the  he igh t  of the  s t ep ,  a 1.7 �9 104-4.2 �9 105 Reyno lds  n u m b e r  c o m p u t e d  by 
m e a n s  of the  s t r e a m  p a r a m e t e r s  and the  s t ep  he igh t ,  and a 1 .1-200  E u l e r  c r i t e r i o n .  The  t e m p e r a t u r e  
f a c t o r  was  0.7. A b r i e f  d e s c r i p t i o n  i s  g iven  of  the  e x p e r i m e n t a l  s e t u p  and of the  m e t h o d o l o g y  of  the  e x p e r i -  
m e n t s .  

I t  i s  shown tha t  the  d i s t r i b u t i o n  o f  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 i s  not  s e l f -  
s i m i l a r  and depends  on the f low d i a g r a m ,  the  Reyno lds  and E u l e r  n u m b e r s ,  and the  r e l a t i v e  t h i c k n e s s  of  
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  at  the  l ine  of s e p a r a t i o n .  

C r i t e r i a l  d e p e n d e n c e s  wh ich  g e n e r a l i z e  the  d a t a  on hea t  exchange  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  zone and 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  hea t  t r a n s f e r  c o e f f i c i e n t s ,  wh ich  p e r m i t  an e n g i n e e r -  
ing c o m p u t a t i o n  of  the  hea t  exchange  at  a s t e p  and on a p l a t e ,  a r e  o b t a i n e d .  

A l so  p r e s e n t e d  a r e  r e s u l t s  of i n v e s t i g a t i n g  the  f low d i a g r a m s ,  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  z o n e s ,  and 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 s  n e e d e d  to  c o m p u t e  the  hea t  e x c h a n g e .  

The f low d i a g r a m  ahead  of the  s t e p  i s  shown in F i g .  1. 

NOTATION 

x, h - distance on the plate and step, measured from the base of the step; H - height of the step; u - 

velocity; p - density; p - static pressure; # - coefficient of dynamic viscosity; k - coefficient of heat con- 

ductivity; ~ - coefficient of heat transfer; ~0 - coefficient of heat transfer on a plate without a step; ff - 

Prandtl criterion; 5,5' ,~ - dimensionless thickness, displacement thickness, and thickness of the loss of 

boundary layer momentum in the separation section referred to the step height H. 

x h ~ h h" - -'~-h h* h--h2 
x ~  - '  = - ~ - '  - h~ , =H--------~ 

n ~ - -  C t t  - -  
(~0  ' 5 2  

C = 2 (p --  Po) po UopoH 
p o U o  ~ E - -  R o  = ' poUo ~ ~ ~o 
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0 - f r e e  s t r e a m  p a r a m e t e r s ;  1, 2, 5 - p a r a m e t e r s  a t  a p p r o p r i a t e  s e p a r a t i o n  and a t t a c h m e n t  po in t s .  
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TABLE 1 

R, /~ ~ t.5 

s 

3.3.10 8 
5.10 ~ 
9.t0 a 

1.5.t0 ~ 
2.t0 
7.1@ 

t.1 .t0 ~ 

1.1 
1.5 
1.7" 

3 60 140 

--~ - -  i .3" 
0.7* 0.7 
0.9 1.2 

1 1.1 
1.t 1.2" 
1.6" 

1. The e x p e r i m e n t s  we re  conducted in a subsonic  wind tunnel 
with open working sec t ion  whose desc r ip t ion  is p r e s e n t e d  in [1]. The 
Mach number  r e a c he d  0.85, the number  R 0 = 1.7 �9 104-4.2 �9 105, the 

magni tude of the t e m p e r a t u r e  fac to r  is  Two = 0.7. 

The e x p e r i m e n t a l  sec t ion  was a 260- o r  80-ram-wide r ec t angu -  
l a r  channel open at the top,  with an 8- to 45-ram-high  s tep mounted 
on i ts  bot tom.  The two d imens iona l i ty  of the flow was a s s u r ed  by 
the p r e s e n c e  of s ide  wal l s  f rom which the boundary l a y e r  poured  
through a s tot  in f ront  of the s epa ra t i on  zone.  Checking expe r imen t s  
with a va r i ab l e  channel width showed the absence  of the influence of 
t ip effects  on the flow and the hea t  exchange ove r  the m e a s u r e m e n t  
sec t ion  be fore  the s tep.  The cons t ruc t ion  of the expe r imen ta l  s e c -  
t ion a s s u r e d  a change in the th ickness  of the turbulent  boundary 
l a y e r  on the l ine of s e pa r a t i on  f rom 2.7-34 m m  before  the s tep,  
f rom 1.6-3 in the form p a r a m e t e r ,  and f rom 0.09-4 in 6. 

The hea t  exchange was inves t iga ted  by a method based  on the 
theo ry  of a r e g u l a r  r e g i m e  of the f i r s t  kind. Packe t s  of 31 and 20 
f ia t ,  1-5 m m t h i c k ,  copper  c a l o r i m e t e r s  were  d i sposed  in the plane 
of s y m m e t r y  of the p la te  and s tep .  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 .  An ana lys i s  in 
the m e a s u r e m e n t  e r r o r s  and the p r o c e s s i n g  of the r e s u l t s  of s e v e r a l  
checking expe r imen t s  showed that  the u l t imate  to ta l  e r r o r  of the 
f inal  r e s u l t  of a s ingle  m e a s u r e m e n t  of the heat  t r a n s f e r  coeff ic ient  
did not exceed  20% with the p robab i l i t y  0.95. To diminis:h the to ta l  
e r r o r  of the f inal  r e s u l t  of the m e a s u r e m e n t s ,  f rom two to four 
m e a s u r e m e n t s  of ~ were  made  in each  r e g i m e .  

2. Data  c h a r a c t e r i z i n g  the flow in the s e p a r a t i o n  zone a r e  
n e c e s s a r y  fo r  an ana lys i s  and gene ra l i za t i on  of the heat  exchange 
da ta  in the complex  flow domain  ahead of the s tep .  Hence, bes ides  
the m e a s u r e m e n t s  of the loca l  heat  t r a n s f e r  coef f ic ien ts ,  the flow 
p ic tu re  was inves t iga ted  by using flow v i sua l iza t ion  on the model  
su r f ace .  C h a r a c t e r i s t i c  d imens ions  of the s epa ra t i on  zone, the s t a t i c  

p r e s s u r e  d i s t r ibu t ion  on the s tep  and p la te  s u r f a c e ,  as well  as the boundary  l a y e r  p a r a m e t e r s  in the s e p a r a -  
t ion sec t ion  we re  d e t e r m i n e d .  

Two flow d i a g r a m s  in the s epa ra t i on  zone with boundary l a y e r  s e pa r a t i on  at point 1 and a t tachment  at 
point 2 (Fig.  1), which a r e  d i s t inc t ive  by the p r e s e n c e  ofaddi t ional  c i r cu la t ion  zones,  were  hence developed.  

Type A Flow.  One addi t ional  c i r cu l a t i on  zone, f o r m e d  as a r e s u l t  of boundary l a y e r  s e pa r a t i on  at the 
point 3 nea r  the wal l  and i ts  a t tachment  at the point 4 on the p la te ,  is obse rved  in the s e pa r a t i on  zone.  

Type B Flow.  Bes ides  the zones 3-4 the re  e x i s t s  s t i l l  another  addi t ional  c i r cu l a t i on  zone with bound- 
a r y  l a y e r  s epa ra t i on  n e a r  the wal l  at the point 5 and a t tachment  at the point 6. 

Let  us p r e s e n t  ave rage  d i m e n s i o n l e s s  coord ina te s  of points  1 and 2 for  some values  of 5 *. 

~* ~ 0~03 0.06 0 . i  0 .4  0 .8  1.2 
xff ~ 0 . 7  1.2 1.3 1.32 1.1 0.9 
h~ ~ ~ 0 . 3 8  0.6 0.65 0.65 0.65 0.65 

P r e s e n t e d  in Table  I a re  da ta  on the magni tude of the d imens ion l e s s  coord ina te  of the l ine of boundary 
l a y e r  s epa ra t i on  nea r  the wall  x J h  2 . The boundary of the domain of ex i s tence  of d i a g r a m s  of A and B flows 
can also be de t e rmined  f rom the data  in the t ab le .  The l imi t  va lues  of the numbers  R ,  for  which a type B 
flow is  s t i l l  r e a l i z e d  for  a given value of the c r i t e r i o n  E are  m a r k e d  with an a s t e r i s k  in the tab le ,  The flow 
in the s epa ra t i on  zone outs ide  the ment ioned boundar ies  is  of type A. The number  R ,  is  computed by 
means  of the dependence 

uoh~ p ,  F 
R * =  ~0 L(C~--C*) p ~ ]  "~ (2 .1 )  
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The a s t e r i s k  deno t e s  p a r a m e t e r s  f o r  a c h a r a c t e r i s t i c  p r e s s u r e  in  the  s e p a r a t i o n  zone on the p la te  (at 
po in t  7 in  F i g .  2). 

The d e p e n d e n c e s  

C, = 0.37 (8.)-0 ~, 03 = 0.43 (8,) -~ (2.2) 

w e r e  o b t a i n e d  a s  a r e s u l t  of  i n v e s t i g a t i n g  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  in r a n g e s  of v a r i a t i o n  of 6 * f r o m  
0 . 0 2 8 - 1 . 5 a n d o f  6"/~ f r o m  1 . 6 - 3 .  

The l a s t  d e p e n d e n c e  i s  v a l i d  f o r  6* = 0 .033-1 .5 .  Upon the  d i m i n u t i o n  of  6* < 0.033 the  v a l u e  of  C 2 
a p p r o a c h e s  un i ty  a s y m p t o t i c a l l y .  M o r e o v e r ,  a d e p e n d e n c e  e x t e n d i n g  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  on a 
p l a t e  up to  the  s e p a r a t i o n  zone h a s  been  obta ined:  

c ~-, = ~ - exp {-- 3.5 [(~~ --  zl ~ (6*) -~ -t- i] -~} (2.3) 

3.  P r e s e n t e d  in  F i g .  2 a r e  t y p i c a l  d i s t r i b u t i o n s  of the  h e a 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  
z o n e .  L o c a l  v a l u e s  of  ~ a r e  r e f e r r e d  to  the  a p p r o p r i a t e  e x p e r i m e n t a l  v a l u e s  of  t he  h e a t  t r a n s f e r  c o e f f i -  
c i e n t s  on a p l a t e  wi thout  a s t e p  % .  

The v a l u e s  of  ~ on the  s t e p  have  b e e n  r e f e r r e d  to  the  va lue  of s 0 at  a po in t  c o i n c i d e n t  w i th  the  b a s e  
of the  s t e p .  The  e x p e r i m e n t a l  r e s u l t s  c o r r e s p o n d i n g  to  the  po in t  1 have  been  o b t a i n e d  f o r  the  v a l u e s  6 * = 
0.1,  Two = 0.7,  R 0 = 3 .5  - 104, and E = 80. V a l u e s  of  a c o r r e s p o n d i n g  to  the  po in t  2 have  b e e n  o b t a i n e d  f o r  
the  s a m e  v a l u e s  of  6* and Two , but  f o r  R 0 = 2.9 �9 105 and E = 1.1.  The  d i s t r i b u t i o n  of  the  s t a t i c  p r e s s u r e  
c o e f f i c i e n t s  i s  a l s o  p r e s e n t e d  fo r  the  s e c o n d  r e g i m e  in F i g .  2, and the  c o o r d i n a t e s  of  the  b o u n d a r y  l a y e r  
s e p a r a t i o n  and a t t a c h m e n t  po in t s  a r e  shown.  An a n a l y s i s  of  the  e x p e r i m e n t a l  r e s u l t s  showed  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  i s  not  s e l f - s i m i l a r  but  de pe nds  on the n u m -  
b e r s  R0, E, and 6 * .  

L e t  us  e x a m i n e  the  h e a t  exchange  on the  s t e p  s u r f a c e .  D a t a  on 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  on the  
s t e p  s u r f a c e ,  t he  t o t a l  p r e s s u r e , a n d  v e l o c i t y  on the b o u n d a r y  of  the  b o u n d a r y  l a y e r  n e a r  t he  w a l l  p e r m i t t e d  
m a k i n g  the  c o n c l u s i o n  tha t  the  r e l a t i o n s h i p  

(~_~)~ u, u0 r p0 3o.5 (3.1) ~=~L(C,-C.)7,] 
w h e r e  u ,  i s  the  v e l o c i t y  on the  s e p a r a t i n g  s t r e a m l i n e  in  the  s e p a r a t i o n  zone ,  can  be  u s e d  f o r  an a p p r o x i -  
m a t e  e s t i m a t i o n  of  t he  m a g n i t u d e  of the  v e l o c i t y  g r a d i e n t  at  the  po in t  2 in  the  whole  r a n g e  of  n u m b e r s  R0, 
E,  and 6" i n v e s t i g a t e d .  
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Assuming the heat exchange at the point 2 to depend on the velocity gradient  analogously to the heat 
exchange on the line of spreading of a two-dimensional  l aminar  boundary layer ,  the computation of ~2 can 
be ca r r i ed  out by means of the c r i t e r ia l  dependence 

~h~. ~.h~q (3.2) N ~ K R  ~ ( ~ \ = ~ ,  R =  ~ J 

Presen ted  in Fig. 3 are  experimental  resu l t s  on the magnitude of the proport ional i ty  coefficient K ob- 
ta ined for the values Two = 0.7 and a = 0.7. The experimental  points 1, 2, 3, 4, 5, and 6 cor respond to 
values of 5* equal to 0.03, 0.06, 0.1, 0.2, 0.5, and 0.8. The dependence of the coefficient K on R and 6* is 
possibly explained by the influence of turbulence on heat exchange in a laminar  boundary layer .  Measure -  / 
ments  made using an ETAM-3A the rmoanemomete r  showed that the intensity of turbulence in the neighbor-  
hood of point 2 reached 20-60~, where an increase  in 6* resul ted in a gro~Lh in intensity of turbulence in 
the separat ion zone. 

The resul ts  on the change in K = f (R ,  6*) agree qualitatively with resul ts  in [2] on the influence of the 
intensity of s t r eam turbulence and Reynolds number on the intensification of heat exchange in a laminar  
boundary layer .  Exactly as in the paper  mentioned, there  is a l imit value of the Reynolds number  R = 104 
in this ease before which the hypothesized influence of turbulence is not manifest  and the coefficient K is in-  
dependent of R and 5*. 

Shown in Fig.  3b is the dimensionless  heat flux distribution in the separat ion zone on the step. Local 
values of the heat t r ans fe r  coefficients are r e f e r r e d  to values of a 2. The experimental  points 1, 3, 5 have 
been obtained for  R 0 = 3.5 �9 104, at points 2, 4, 6 for R 0 = 2.9 �9 105. Values of the pa ramete r s  6* for  points 
1 and 2, 3 and 4, 5 and 6, respect ively ,  equal 0.03, 0.1, and 0.33. The distr ibution of a '  is not s e l f - s imi l a r  
and depends essent ia l ly  on the numbers  R 0 and 5* .  For  small  R 0 (points 1, 5) the heat fluxes diminish f rom 
point 2 to the base of the step. An increase  in R 0 resu l t s  in the appearance of a heat flux maximum on the 
step (points 2, 4, 6). An analogous change in the nature of the heat flux distribution on the step also causes  
a change in the pa rame te r  6 ,  result ing in an increase  in the local Reynolds numbers  on the step. 

Analysis of the heat exchange and local flow pa rame te r s  resu l t s  showed that the regime of heat ex-  
change and flow in the boundary l aye r  near  the wall can be laminar ,  t ransi t ional ,  and turbulent.  The ap- 
pearance of t ransi t ional  and turbulent port ions of the flow resul ts  in an abrupt increase  in the heat fluxes, 
which explains the difference in the nature of the distr ibution of ~ on the step surface.  Lamination of the 
curves  in Fig. 3b does not occur  in the absence of portions with t ransi t ional  and turbulent reg imes .  

Examination of the resul ts  on the magnitude of ~ '  for a fixed value of the coordinate h' = 0.15 (Fig. 
3c), as well as analogous dependences obtained for  other fixed values of h ' ,  shows that for R < 6 �9 10 ~ the 
distr ibution a '  = f(h')  in the separat ion zone on a step is independent of R0, E, and the pa rame te r  6*.  (The 
notation in Fig.  3c agrees  with the notation in Fig. 3a.) 

Data on the quantity ~ '  for  h' = 0.15 can be used to find the distribution of a in the separat ion zone on 
the step. The distr ibution ~ '  = f (h ' )  is hence determined by means of the average curve in Fig.  3b which 
passes  through a point with absc i ssa  h' = 0.15 and ordinate corresponding to the value of a '  determined by 
means of the resul ts  in Fig.  3c. The dimensionless  distr ibution of heat t r ans fe r  coefficients on the step 
outside the separa t ion zone in the range of pa r ame te r s  investigated is independent of R 0 and E and may be 
determined f rom the data in Fig. 3d. The experimental  points 1, 2, and 3 cor respond  to values of 5 .  equal 
to 0.1, 0.2, and 0.5. 

Let us consider  the heat flux distr ibution on a plate (see Fig.  2). The cha rac t e r  of the distribution of 
a on the plate depends on the flow diagram in the separat ion zone. For  a flow diagram A (point 2), ~ does 
not va ry  f rom the maximum which is found in the accelera ted  portion of the flow from the point 4 to the 
minimum at the point of separat ion 1. For  a flow diagram B, to which the experimental  points 1 in Fig.  2 
correspond,  the fundamental diminution in a occurs  before the point of separat ion 5, and the change in a is 
insignificant in the 5-1 portion of the flow. 

Results on the maximtun value of the heat t r ans fe r  coefficients on the plate ahead of the step c~ m are 
shown in Fig.  4 for  the values Two = 0.7 and cr = 0.7. The experimental  points 1, 2, 3, 4, and 5 have been 
obtained for  0.06, 0.1, 0.2, 0.5, and 0.8 values of 6*,  respect ively .  The resul t s  of experiments  in the whole 
range of investigated R0, E and of the pa r ame te r  5* = 0.06-0.08 are  general ized sa t is factor i ly  by the one 
c r i t e r i a l  dependence 

115 



Z'lO ~ l ~  I0 5 

Fig .  4 

0.8 

i:,A,N ~z: 
o 

I "~ ! 1 I -o~ 

Fig .  5 

am h~ 
N~ = ~ = / ( R , )  

which is shown as a curve  in F ig .  4. 

P r o c e s s i n g  the expe r imen ta l  r e s u l t s  showed that the heat  
t r a n s f e r  coeff ic ient  at the point of s e pa r a t i on  vq can be ca lcu la ted  by 
the method p roposed  in [3]. Using this method y ie lds  good r e s u l t s  
in computing the heat  exchange ahead of the s e pa r a t i on  zone up to the 
l ine of s epa ra t i on  inc lus ive ,  in the whole range of 5" inves t iga ted .  

The d imens ion le s s  d i s t r ibu t ion  of the heat  t r a n s f e r  coeff ic ients  
in the s epa ra t i on  zone on a plate in the fo rm 

~* = ~ - ~i = ] (~*) 

i s  p r e sen t ed  in F ig .  5, where  x* is  a c h a r a c t e r i s t i c  d imens ion .  

F o r  an A type flow in the s e pa r a t i on  zone x* = x /x1 ,  while 
x* = x / x  5 for  a B type flow. The expe r imen ta l  points 1, 2, 3, 4, and 
5 in F ig .  5 r e f e r  to A type flow and c o r r e s p o n d  to R 0 ' 10 -5 equal to 
0.4, 0.7, 1 . 1 ,3 ,  and 8.5. All  the r e s u l t s  f o r R  0> 2 "104 and 6* = 
0.06-0.8 can be gene ra l i z ed  by one dependence shown by the dashed 

curve A. 

Dimens ion les s  d i s t r ibu t ions  of the heat  t r a n s f e r  coeff ic ients  
for  B type flow a re  shown by the so l id  l ines  1-3 in F ig .  5. In this  
case  the a * d i s t r ibu t ion  is not s e l f - s i m i l a r ,  which is a s s oc i a t ed  
main ly  with the s ignif icant  change in the coord ina te  x 5 as a function 
of the numbers  R .  and E fo r  an ins igni f icant  change in the pos i t ion  
of the max imum G on the p la te .  The coord ina te  of the max imum G 

is  app rox ima te ly  0.3h 2 in the range  of p a r a m e t e r s  inves t iga ted ;  hence,  the r a t i o  x s / h  2 can be used  as a 
p a r a m e t e r  governing the l amina t ion  of the d imens ion le s s  cu rves .  The va lues  x s / h  2 = 1.7, 1, and 0.7 c o r -  
r espond  to curves  1, 2, and 3 in F ig .  5. 

4. As a r e s u l t  of the work c a r r i e d  out, the heat  exchange in the s e p a r a t i o n  zone of a turbulent  bound-  
a ry  l a y e r  in front of a s tep  has been inves t iga ted  in a range  of va r i a t ion  of the r e l a t i ve  boundary l a y e r  t h i c k -  
ness  on the line of s epa ra t ion  between 0.09 and 4, of the boundary l a y e r  fo rm fac to r  5 . / ~  f rom 1.6 to 3, of 
the Reynolds number  R 0 = 1.7 �9 104-4.2 �9 105, and the Eu le r  c r i t e r i o n  E = 1.1-200. 

It is  shown that  the d i s t r ibu t ion  of the heat  t r a n s f e r  coeff ic ients  in the s e pa r a t i on  zone is  not s e l f -  
s i m i l a r  and depends on the flow d i ag ram,  the values  of the Reynolds and Eu le r  c r i t e r i a ,  the r e l a t i v e  th ick-  
ness  of boundary  l a y e r  d i sp l acemen t  on the l ine of s epa ra t ion .  

C r i t e r i a l  dependences  which gene ra l i ze  heat  exchange da ta  at the c h a r a c t e r i s t i c  points  of the s e p a r a -  
t ion zone, and d imens ion l e s s  d i s t r ibu t ions  of the heat  t r a n s f e r  coef f ic ients ,  pe rmi t t i ng  an engineer ing  c o m -  
putat ion of the heat  exchange on the su r f ace  of a s tep and a plate ,  have been obtained.  

The authors  a re  g ra te fu l  to V. S. Avduevski i  for  d i scuss ing  the r e s u l t s  of the r e s e a r c h .  
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