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This  p a p e r  c o n s i d e r s  a c l a s s  of solut ions for  flow of a pe r f e c t  gas near  the s tagnat ion point 
on a two-d imens iona l  obs t ac l e ,  where  the flow is  ro ta t iona l  fa r  u p s t r e a m  f rom the obs t ac l e .  
It is  shown that  the potent ia l  flow near  the stagnatio_~ point i s  a spec ia l  ca se  of this  c l a s s  of 
so lu t ions .  Solutions accounting for  the ro ta t iona l i ty  of the ou te r  flow a re  obtained for  flow 
in the mixing l a y e r  with an obs tac le ,  and these  solut ions  differ  app rec i ab ly  f rom the analo-  
gous J imenez  solut ion for  potent ia l  flow near  the s tagnat ion point on a two-d imens iona l  ob- 
s t ac l e .  

We cons ide r  two-d imens iona l  flow of an i n c o m p r e s s i b l e  fluid flowing no rma l  to a two-d imens iona l  
obs tac le  of infinite length, in a r e c t a n g u l a r  coord ina te  s y s t e m  xOy, where  x is d i r e c t e d  along the obs tac le ,  
and y is  no rma l  to ito The flow reg ion  is bounded by the su r face  y = 0 at the obs tac le ,  with s tagnat ion point  
x = y = 0, and the sec t ion  y ~ ,  where  the effect  of the obs tac le  is negl ig ib le ,  or where  the wel l -known law 
is a s sumed  for de format ion  of the ve loc i ty  prof i le  of the e x t e r i o r  flow by the obs t ac l e .  The J imenez  so lu-  
t ion is well  known, desc r ib ing  v iscous  flow near  the s tagnat ion point  for  ex t e rna l  potent ia l  flow [1]. We 
show that this  p rob l em can a lso  be solved for  more  complex  flows, when the outer  flow of a pe r f ec t  fluid is  
ro ta t ional~  The p r e s e n c e  of vor t i c i ty  at the outer  boundary of the v iscous  mixing l a y e r  at  the obs tac le  
leads  in th is  case  to c e r t a i n  d i f fe rences  f rom the J imenez  solut ion.  

1. Let  the s t r e a m  of p e r f e c t  f luid incident  on the obs tac le  be uniform,  with speed V~ at y = y~o 
Putt ing v / V ~ - : -  F ( y / y ~ ) ,  we obtain f rom the continuity and v o r t i c i t y - t r a n s f e r  equations 

(1.1) ; ' ' F F ' "  - -  u/ l  ~ = F  x,y~,; F ' F " = O ,  

where  v and u a r e  the ve loc i ty  components  no rma l  to and tangent ia l  to the obs tac le ,  r e s p e c t i v e l y .  

The solut ion of Eq. (1.1) with boundary condit ions y / y ~  = 0, F = 0; y / y ~  = 1, F = 1, F '  = 0 has the 
fo rm 

F = s i n ~  .u__. (1.2) 

V= -~ ~ (1.3) 
- ~ v - - - -  x c o s - ~ - - .  

It follows from Eq. (1.2) that 

It can be shown that this solution corresponds to flow far from the obstacle when the vorticity depends 
linearly on the coordinate x: 

~q (t)  ~, v= ~- _7-X, 
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2. The re  a r e  c a s e s  where  i t  is of i n t e r e s t  to analyze  flow near  the s tagnat ion point,  when the outer  
flow incident  on the obs tac le  is  not uniform,  but v a r i e s  with x accord ing  to some law di f ferent  f rom l inea r .  
We sha l l  show that t h e r e  ex i s t s  a solut ion of type (1.3) for  a spec i f ic  c l a s s  of functions desc r ib ing  the v a r -  
iat ion of the ou te r  flow veloc i ty  with x. We seek  a solut ion for  the normal  ve loc i ty  component in the form 

YlVo=--F (y/y~) (l)'(xly~), (2.1) 

where  V 0 is  the c h a r a c t e r i s t i c  ve loc i ty  at  the sec t ion  y = y ~ .  Then for the ve loc i ty  component tangent ia l  
to the obstacle we have 

u/Vo=F'(y/g~)(I)(x/g~). (2 .2) 

F r o m  the v o r t i c i t y - t r a n s p o r t  equation, and taking account of Eqs.  (2.1) and (2.2), we have 

OO" - -  r F F "  - -  F'F" (2 o3) 
- -  ~ COIISt. @0" FF' 

Taking the constant  in Eq. (2.3) equal to ze ro ,  we obtain two equations of type (1.1) in �9 and F .  The so lu-  
t ion of these  for  boundary  condi t ions,  

has the fo rm 

y/g~=O, F=0;  
x/y~=O, cp=0; 
0 ' = 0  

y/y==l, F = I ,  F ' = 0 ;  
x/y= =xJg~ ,  (I)= l. 

(2.4) 

�9 n Y; O . ~ x ( 2 . 5 )  F sm-~ ~ ~ .  ~ sln-~- 

It follows f rom Eq. (2.5) that 

~t x ~  :z Y---COS ~ z 

~ Y s i n  g x 

( 2 . 6 )  

If we a s sume  that  the ve loc i ty  V~o has the same  value on the axis  of s y m m e t r y  at y -- Yoo as in the prev ious  
ease ,  i t  follows f rom Eq. (2.6) that  V 0 = V~o/4v(0). The solut ion obtained r e p r e s e n t s  flow with vo r t i c i ty  
equal to 
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3.  T a k i n g  a n o n z e r o  v a l u e  fo r  the c o n s t a n t  in Eq.  (2.3), we ob t a in  the  fo l lowing  two equa t i ons  d e t e r -  

m i n i n g  i d e a l  f low n e a r  a s t a g n a t i o n  po in t :  

FF'"- -  F 'F" - -  AFF'=O; ~ D ' " - -  qYqY'--AdPdP'=0. (3.1) 

The  s o l u t i o n  of t h e s e  fo r  b o u n d a r y  cond i t i ons  (2.4) was  ob ta ined  n u m e r i c a l l y  on the BESM-4 c o m p u t e r  by  
a R u n g e - K u t t a  m e t h o d ,  to an a c c u r a c y  of 1() -5, fo r  a n u m b e r  of v a l u e s  of A .  T h e  s e a r c h  f o r  an a d d i t i o n a l  
b o u n d a r y  c o n d i t i o n  was  c a r r i e d  out  u s ing  Newton ' s  me thod ,  i . e . ,  f [F"  (1)] = ] F(0) I < r w h e r e  r = 10 -4 is  
the  a l l o w a b l e  e r r o r  in a p p l y i n g  the b o u n d a r y  c ond i t i on .  The  r e s u l t s  of the s o l u t i o n  a r e  p r e s e n t e d  fo r  the  
func t ions  F and  F '  ( b roken  l ines )  in F i g .  1 ( c u r v e s  1-5 a r e  fo r  A = 20, 5, 0.1, - 5  a n d - 1 4 ,  r e s p e c t i v e l y ) .  
The  func t ions  ~,  r  have  a s i m i l a r  f o r m .  

We now find the  r a n g e  of  v a r i a t i o n  of p a r a m e t e r  A fo r  which  E q s .  (3.1) have  a so lu t i on .  We c o n s i d e r  
an equation for F(y/yJo  Using the condition F' (1) = O, this can be written in the form 

F " = ( c - - A ) ( F  2 -  t ) +  AFZlnF. (32) 

I t  can  be  s e e n  f r o m  the l a s t  equa t ion  tha t  a n e c e s s a r y  cond i t i on  for  ob t a in ing  r e a l  r o o t s  of the  func t ion  F '  
i s t h e  cond i t i on  ( C -  A /2 )  _< 0 f o r  n e g a t i v e  A, i . e . ,  C -<A/2 ,  A -<0. S ince  with  A = 0 C =-r:2 /4 ,  Eq.  (3.2) 
h a s  a so lu t i on  fo r  a l l  n e g a t i v e  A .  F o r  A > 0 the  r e g i o n  of p o s i t i v e  r o o t s  of  F '  i s  g iven  by  the  c o n d i t i o n  

tAF& In Fmi ~ f(C - -  A/2) ( & -- t)t, (3.3) 

w h e r e  F m c o r r e s p o n d s  to F with  max(FZln  F)o T a k i n g  into a c c o u n t  Eq.  (3o3), we  o b t a i n -  oo< C < IAt/5o 

We now f ind the s o l u t i o n  of  Eq.  (3.2) wi th  C = A / 2 ,  A < 0. In th is  c a s e  

i . e . ,  the  so lu t i on  fo r  b o u n d a r y  cond i t i ons  (2.4) ts  v a l i o  only i o r  A ~ -  0% and t h e r e f o r e  the  cond i t ion  C = 
A / 2  ho lds  a p p r o x i m a t e l y  only when A << 0. 

The  s o l u t i o n  of E q s .  (3.1) c o r r e s p o n d s  to o u t e r  f low v o r t i c i t y  ~ (1) (F ig .  2, c u r v e s  1-5  wi th  A = 20, 5, 
0.1, - 5, and  - 14, r e s p e c t i v e l y )  : 
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~(1) V~ " $"(zly')].-P-~ J -- - - - -  § I ,  - -  ~ 1 7 6  F " ( I ) < I A ] / 5 ,  

w h o r e  x~o = Y~o; and V 0 is  the  c h a r a c t e r i s t i c  v e l o c i t y  at  the o u t e r  b o u n d a r y  y = yr Denot ing  V ~  as  the  
m a x i m u m  v e l o c i t y  at  y = Y~o, we ob t a in  tha t  V 0 = V ~ / m a x  [ ~ ' ( x / y ~ ) ] .  

F o r  A << 0 an e x p r e s s i o n  fo r  the  v o r t i c i t y  in the  o u t e r  f low (a t  x~o = Y:o) can  b e  w r i t t e n  a p p r o x i m a t e l y  
in the f o r m  

,, Vco A , x ~ ,  

t~,4 ~, y~.] j'~ 

To c l a s s i f y  the  s o l u t i o n s  o b t a i n e d  we no te  tha t  the  p a r a m e t e r  A i s  a s h a p e  f a c t o r  fo r  the v e l o c i t y  
p r o f i l e  of the  f low i n c i d e n t  on the  o b s t a c l e .  F o r  A -> 0 the  m a x i m u m  v e l o c i t y  in  the  i n c i d e n t  f low c o i n c i d e s  
wi th  the ax i s  of s y m m e t r y ,  and  fo r  A < 0 the  m a x i m u m  v e l o c i t y  i s  d i s p l a c e d  away  f r o m  the s y m m e t r y  a x i s .  

4.  We now i n v e s t i g a t e  the  e f f ec t  of a t r a n s f e r  v e l o c i t y  c o m p o n e n t  Uoo a t  the  o u t e r  b o u n d a r y  y = Yr 
of the  r e g i o n  of  i n t e r a c t i o n  b e t w e e n  a p e r f e c t  f lu id  and an o b s t a c l e .  L e t  A = 0 and F(1) = 1; F ' (1)  = B, w h e r e  
Uoo = BV~ ~(x) .  Then  fo r  F(0) = 0 we ob ta in  the  fo l lowing  equa t ion  fo r  F(y/y~o):  

(4.1) 
,, C=F" ( t ) .  

I f C / ( C - B  2) > 0 ,  then  fo r  C -< 0 F '  h a s r e a l r o o t s  fo r  a n y B .  S ince  ~ - - C  = 7r/2 a t B = 0 ,  i n t h e i n -  
t e r v a i  [ - 7r /2 ,  0] the  s o l u t i o n  of  Eq.  (4.1) has  the f o r m  

F sin ]/------C = s i n  V ' - ~ y l y ~ ,  

and, a s  fo l lows  f r o m  the  cond i t i on  F(1) = 1, the quan t i t y  ~ depends  on B as  fo l l ows :  

B = =hV'-X--C ctg ] / - - C .  (4.2) 

t t  can  b e  s e e n  f r o m  Eq .  {4.2) tha t  . (Z C - -  0 a s  B - -  • 1. T h e  l a s t  v a l u e  a t  B = 1 c o r r e s p o n d s  to  f low of a 

p o t e n t i a l  f lu id  n e a r  the  s t a g n a t i o n  po in t  on the  o b s t a c l e :  F = Y/Y~o; v = - V o o y / y ~  ; u = Voox/yoo, and fo r  B = 
- 1  i t  c o r r e s p o n d s  to p o t e n t i a l  f low away  f r o m  an o b s t a c l e .  

A s s u m i n g  C/{C - B 2) < 0 ,  we ob ta in  fo r  C > 0, B2--~C:  

where a/CC is connected with B by the relationship 

B=__+VP cth V-C. 

to 
T h e  s o l u t i o n s  o b t a i n e d  f o r  A = 0 c o r r e s p o n d  to f low a t  t he  o u t e r  b o u n d a r y  y = y~o wi th  v o r t i c i t y  equa l  

~(1) = --V~Cx/y~; v(y = y~) = -- V~ = const; 

aO)= t - c  ~ ~-~s ,n-- .2 .~ ,  

v (y = y| = - -  V~eos ~---~ 2 x a . '  

w h e r e  C = F"(1) ,  and C < 0 f~ > 0, and C > 0 ~ < 0 .  

S i m i l a r  r e l a t i o n s h i p s  can  be  o b t a i n e d  a l s o  fo r  f low with  a s h a p e  f a c t o r  A ~ 0. 

5. T h e  c a s e s  c o n s i d e r e d  wi th  f low of a p e r f e c t  f lu id  n e a r  the  s t a g n a t i o n  p o i n t  r e q u i r e  s p e c i f i c  c o n -  
d i t i ons  a s  r e g a r d s  the f low v o r t i c i t y  a t  a g iven  d i s t a n c e  f r o m  the  o b s t a c l e  in o r d e r  to be r e a l i z e d  in p r a c -  
t i c e .  I t  i s  c l e a r  tha t  f low v o r t i c i t y  due to the  a c t i o n  of  v i s c o u s  f o r c e s  can  b e  ob t a ined  by  c h o o s i n g  the 
s h a p e  of the  channe l  in which  the  f low is  f o r m e d ,  and  a l s o  by  p l a n n e d  m i x i n g  of  the  f low in the  channe l  o r  
in the  s u r r o u n d i n g  m e d i u m .  E x a m p l e s  of  t h i s  k ind  of  f low a r e  f low in c o n v e r g i n g  and d i v e r g i n g  c h a n n e l s ,  
s e c o n d a r y  f lows,  i nc lud ing  s e c o n d a r y  f low b e h i n d  a body  w a s h e d  in a l o n g i t u d i n a l  d i r e c t i o n  [1, 2], and f lows 
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in jets with uniform and nonuniform velocity profi les  at the nozzle exit [3]. In the las t  case  one can identify 
a number of physical  analogs of the solutions obtained, well known f rom prac t ica l  use of the effects of in- 
te rac t ion of a jet with obs tac les .  For  example, the solution when the profi le shape fac tor  of the flow inci-  
dent on the obstacle A > 0 cor responds  to the case  of interact ion of a subsonic jet with an obstacle within 
the main section of the jet, while the case A < 0 cor responds  to interaction in the initial section, where the 
obstacle deforms the velocity prof i les  of the jet at the nozzle exit, i .e.,  for  small  distances between the ob- 
stacle and the nozzle exit [4, 5]. 

We now examine the effect of profi le  shape of the flow incident on the obstacle on the charac te r  of the 
flow near the obstacle.  To do this we consider  viscous flow in a layer  near an obstacle,  when the outer 
flow is descr ibed  by veloci ty-prof i le  shape fac tors  which differ in magnitude and sign. We take the N a v i e r -  
Stokes equations as the initial sys tem of equations determining the viscous flow. We formulate  the bound- 
ary  conditions.  It follows f rom the solution for a per fec t  fluid that the velocity gradient  at the stagnation 
point at xr = y~ is 

F, (o)m2 {:9 ,.; 
Y~ "L ' ( ]Y~)I  

where V~ is the maximum velocity at the section y = y~ (for A -> 0 the maximum velocity is on the axis of 
s y m m e t r y  x = 0 and for A < 0 it is displaced outwards f rom the s y m m e t r y  axis). 

Using the notation /7 = V~F ' (0 ) /y~ ,  and taking into account that the variat ion of the velocity normal  
to the obstacle  is near ly  l inear at small  distances f rom the obstacles  ( y -  0), we can adopt the relat ionship 

as an outer  condition for viscous flow near the obstacle,  where ~, u = v, u/v/3 ~; x, y = (x, y ) ' f ~  (v is the 
coefficient of kinematic viscosi ty) ;  

cm = [r 

As the boundary condition at the wall we use the condition for nonslip of the fluid at the wall:  u(0) =v(0) = 0. 

We rep resen t  the function ~ ' ( ~ / ~ ) / ~ ' m  in the form of a power ser ies  containing only even powers 
of x (the Blasius se r ies  [1])" 

QI)m " ~--- ,,=G ~ ( -  t )n  tTva'T2n" --= ,~=a (-- t)n a2n y~)n [Y--~)/~ "x2n 

and look for a solution for v, u in the v iscos i ty  mixing layer  near the obstacle (0 -<~ -<~) in the form of 
the appropria te  se r i e s :  

n ~ -2n  

n=0 

a2nX-2n + 1 
= (-- l)n (2n 7- t) iln (Y), 

v6~O 

where a2n are  known coefficients for ser ies  expansion of ~ ' ( x / Y ~ ) / ~ ' m :  and f2n(.v) are  functions of y sub- 
ject  to definition. 

The N a v i e r - S t o k e s  equations in the form of the vor t i c i ty - t r anspor t  equation give the following equa- 
tion for f2n(Y): 

n = 0  

L~T~ (5.1) ?lllk=0 

i'2,d"2~< k ] J -4- 2~ - "  t , < 2 ~  2k(i2~/'2~--2-~--i~t/2.f2~)} =0. 
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Equat ing  coef f ic ien t s  of ident ica l  power s  of ~, we obtain a s y s t e m  of o r d i n a r y  d i f fe ren t ia l  equat ions  

of  four th  o r d e r  to d e t e r m i n e  the funct ions f,,  f2, f4 . . . . .  The  bounda ry  condi t ions  fo r  the funct ions  f2n a r e  
obta ined f r o m  the c o n d i t i o n y  = 0 and ~ -  ~ :  

-,', (5.2) ~=0, f~n=f~_.=0; y-~, / ;~=t ,  g~=0 

The s y s t e m  of equat ions  (5.1) with bounda ry  condi t ions  (5.2) was  so lved  n u m e r i c a l l y  by  a method  of  s u c -  
c e s s i v e  app rox ima t ions ,  us ing  a R u n g e - K u t t a  method  to an a c c u r a c y  of  10 -5 on a 13~SM-4 c o m p u t e r .  Since 
each  of the n equat ions  conta ins  n unknown funct ions and the i r  de r i va t i ve s ,  we a s s u m e  in the f i r s t  approx i -  
ma t ion  that  all  the funct ions and the i r  de r iva t i ve s ,  excep t  f0, a r e  z e r o .  Thus ,  fo r  n = 0, we obtain the J i -  
m e n e z  equat ion,  whose  solut ion is known [1],* In solving the second  equat ion  (n = 1) we use the r e s u l t s  for  
the funct ion f0 and i ts  de r iva t i ve s  at  e a c h  s tep  of  in tegra t ion ,  a s s u m i n g  all  the f2n (n = 2, 3 . . . .  ) and the i r  
de r iva t i ve s  to be z e r o .  The a s s i g n m e n t  of  f0, f0', f0"o ere, ,  i n t h e  f o r m  of s t epwise  funct ions  at  each  i n t e g r a -  
t ion s tep  does not i n t roduce  app rec i ab l e  e r r o r  and does not a f fec t  the  c o n v e r g e n c e  p r o c e s s  to the condi t ions  
with ~ ~ ~ ,  and this  wa s  checked  by  v a r y i n g  the in t eg ra t ion  s tep .  The  o p t i m u m  step,  A~ = 0.05, was  chosen  
f r o m  the condi t ion I f2n( ~, A y ) -  f2n (.o, 2A~) [< 10 -s .  The  so lu t ion  fo r  the subsequen t  equat ions  with n = 2 , 3 . .  ~ 
c a r r i e d  out ana logous ly .  Using the r e s u l t s  of the f i r s t  approx imat ion ,  we p r o c e e d e d  to the next  a p p r o x i m a -  
tion, us ing  the a b o v e - m e n t i o n e d  s c h e m e .  The n u m b e r  of  app rox ima t ions  was  d e t e r m i n e d  f r o m  the condi -  
t ion I f2n(~, t + 1) -f2n(OO, t)[ < 10 -4, whe re  t, t + 1 a r e  the n u m b e r s  of  the a p p r o x i m a t i o n s .  The s e a r c h  for  
addi t ional  bounda ry  condi t ions  n e c e s s a r y  to begin the computa t ion  was  c a r r i e d  out, as  in the case  when 
Solving the ideal  p rob lem,  by Newton ' s  method,  in such  a way  that  Fl[f'2n(~o)] = [f'2n(~) - 1[ < ~; F2[f"2n(~)] = 
[f,~n(~) I < ~, w h e r e  ~ = 10 -4 is the a l lowable  e r r o r  in applying the bounda ry  condi t ions .  

The  ini t ial  data  fo r  the computa t ion  w e r e  as fo l lows:  V~o = 8 m / s e c ;  xr162 = y,o = 0.05 m; v = 1.5 "10 -s 
m 2 / s e e .  In  p rac t i ee ,  the c o n v e r g e n c e  of  the s e r i e s  in Eq.  (5.1), as  l a t e r  ca lcu la t ions  showed,  was  quite 
good, and t h e r e f o r e  only a finite n u m b e r  of t e r m s  ( n, k _< 4) of the above s e r i e s  was  r e q u i r e d  for  approx i -  
m a t e  solut ion of the p r o b l e m  of v i s cous  flow n e a r  a s tagna t ion  point .  F igu re  3 shows the p ro f i l e s  of  the  
ve loc i ty  componen t  fi in the bounda ry  l a y e r  o v e r  an obs tac le  with A = 5.0, with ~ / ~  = 0.125 (curve  1); A = 
5.0 with ~ / ~  = 0.75 (curve  2); and A = - 1 4  with ~ / ~  = 0.75 (curve  3). The f igure  a l so  shows r e s u l t s  c o r -  
r e spond ing  to the J i m e n e z  solut ion [1] fo r  flow nea r  a s tagnat ion  point  on a t w o - d i m e n s i o n a l  f la t  p la te  and 
un i fo rm  ou te r  inc ident  flow (curve  4): C u r v e  4 c o r r e s p o n d s  a l so  to the J i m e n e z  solut ion for  a cy l inder  of 
r ad ius  R = 2 y ~ / F ' ( 0 ) ,  F '(0) = 2 and R - 2 y ~ / ( F ' ( 0 ) a 0 ) ,  F ' ( 0 ) =  0.35, a 0 = 0.218 for  ~ / ~  = 0.125. Curve  5 
c o r r e s p o n d s  to the J i m e n e z  solut ion fo r  a cy l inde r  of  r ad ius  R = 2 y ~ / F ' ( 0 ) ,  F '(0) = 2 for  x/~oo -- 0.75.  The  
d i f f e rence  in the ve loc i t y  p ro f i l e s  fo r  the types  of flow c o n s i d e r e d  n e a r  the s tagnat ion  point  of an obs tac le  
and a cy l inde r  with un i fo rm ou te r  flow r e s u l t s  f r o m  the d i f ferent  na tu re  of  the ve loc i ty  d i s t r ibu t ion  o v e r  
the obs tac le  in the ou te r  flow ( c u r v e s  6 and 7 a r e  for  o u t e r - f l o w  ve loc i t y -p ro f i l e  shape  f ac to r s  A = 5.0 
a n d - 1 4 . 0 ,  r e s p e c t i v e l y ) .  N e a r  the s tagna t ion  points  ( ~ / ~  = 0.125) the ve loc i ty  p ro f i l e s  in both c a s e s  con-  
s i d e r e d  p r a c t i c a l l y  co inc ide  with the J i m e n e z  p rof i l e  (the p a r t  of  the ou te r  flow with cons tan t  a cce l e r a t i o n ) .  
F u r t h e r  f r o m  the s tagna t ion  point  t he re  is  an i n c r e a s e  in the g rad i en t  of  ve loc i ty  fi in the d i r ec t i on  n o r m a l  
to the obs t ac l e  fo r  ou t e r  flow with a p e r i p h e r a l  m a x i m u m  ve loc i ty  A < 0 (the a c c e l e r a t e d  sec t ion  of the 
ou te r  flow is a long the obs tac le)  and a r educed  ve loc i ty  g r ad i en t  ~ in the d i r ec t ion  n o r m a l  to the wall  fo r  
f low with a cen t r a l  m a x i m u m  ve loc i ty  A -> 0 (the dece l e r a t i on  sec t ion  fo r  ou te r  flow o v e r  an obs tac le ) .  
F igu re  4 shows the d i s t r ibu t ion  of f r i c t ion  on the obs tac le  wall  f o r  inc ident  flow with a cen t r a l  m a x i m u m  
ve loc i ty  (curve  1) and a p e r i p h e r a l  m a x i m u m  ve loc i ty  (curve  2): 

"~w t On-] V 
P v  2 - a o F '  (0) - - -  �9 Re = , ~Y~ Re 0.~[~=| '  v " 

Curves  3-5  c o r r e s p o n d  to the J i m e n e z  solut ion fo r  un i fo rm  ou te r  flow incident  on a t w o - d i m e n s i o n a l  ob-  
s t a c l e :  

9V----z = i.23259 yZ 

The va lue  fl = ( r / 2 ) V ~ o / y ~  (curve  3) c o r r e s p o n d s  to a u n i f o r m  s t r e a m  loca ted  above the obs tac le  at the 
given d is tance  y ~ .  The  value fl = V ~ F ' ( 0 ) / y ~  =/~l (curve  4) c o r r e s p o n d s  to flow ove r  the obs t ac l e  of a 
un i fo rm  s t r e a m  with a ve loc i ty  g r ad i en t  at the  s tagna t ion  point  equal to the ve loc i ty  g rad ien t  at  the s t a g n a -  
t ion  point  in flow of an ou te r  s t r e a m  with a c en t r a l  m a x i m u m  ove r  a two-d imens iona l  o b s t a c l e .  The value  
fl = V~oa0F'(0)/Ycr = fi2, (curve  5) c o r r e s p o n d s  to flow o v e r  the obs tac le  of  a un i fo rm  s t r e a m  with a ve loc i t y  

* F o r  a 0 ;~ 1 a c o r r e c t i o n  is appl ied to the value offl :  fl (a 0 ~ 1) = V~F'(0)a0/yco.  
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gradient  at the stagnation point equal to that at the stagnation point in flow over the obstacle of an outer 
s t r eam with a per iphera l  veloci ty maximum.  In the las t  two cases ,  as is shown by the express ions  derived 
for  fi, the obstacle must  be brought  close to the s t ream,  to a distance 0~ y~  (with the condition that the 
flow at this distance remains  undisturbed}, and, converse ly ,  mus t  be withdrawn f rom the s t r eam to a dis-  
tance 20o6 y ~  where Y~o cor responds  to the distance f rom the obstacle at which the assumed nonuniformity 
of the external  s t r eam is maintained. Finally, curve 6 cor responds  to the J imenez  solution for  a cyl inder  
of radius R = 2y~o F'(0) (A = 5.0). In the case A = - 1 4 . 0  the J imenez solution for a cylinder of radius R = 
2y~o/(F' (0}a 0) prac t ica l ly  coincides with the J imenez solution for a two-dimensional  obstacle (curve 5). 

The resul t s  shown in Fig. 4 allow severa l  special  features to be identified in the nature of the f r ic -  
tion distribution near  the stagnation point on a two-dimensional  obstacle,  located normal  to an external  
nonuniform flow: 

lo There  is a s t rong dependence of fr ict ion on velocity gradient  at the stagnation point for all types 
of outer flow examined. The velocity gradient  at the stagnation point is determined by the conditions of 
flow stagnation near  the obstacle,  and, as is shown in the p resen t  analysis ,  by the conditions for formation 
of the flow at a given distance f rom the obstacle.  

2. For  flow with a cent ra l  maximum velocity (A _> 0) the value of the velocity gradient  at the s tagna-  
tion point, fi = Vo~F'(0)/y~o, gives the fr ict ion at the wall near  the stagnation point, equal to the frict ion ca l -  
culated for a uniform flow incident on a two-dimensional  obstacle and a c i r cu la r  cylinder of radius R = 
2y~ /F ' (0 ) .  In the la t ter  case the fr ict ion on a two-dimensional  obstacle,  washed by a nonuniform flow, and 
on the surface of a cylinder,  washed by a uniform flow, prac t ica l ly  coincide for the whole range of x va r i a -  
tion considered.  This follows f rom s imi lar i ty  in the law for velocity distribution in the outer flow over  the 
surface of the embedded bodies.  The analogy between flow over a cyl inder  and flow normal  to an obstacle,  
based on s imi lar i ty  of veloci ty profi les  of the outer flow over the surface of embedded bodies and on the 
equality of corresponding velocity gradients  at the stagnation point, suggests  the need, as has a l ready 
been mentioned, to reduce  the initial distance Yoo (for A = 5~ between the obstacle and the undisturbed 
outer flow to the value of ( ~ / 4 ) y ~ .  If we require  that the value of Yoo remains  unchanged, then, as follows 
f rom compar ison  of the express ion for the velocity gradient  at the stagnation point on the obstacle due to 
uniform and nonuniform external  flows, we find that the given condition is satisfied only for one value 
F' (0) = 7 /2 ,  i.e., for a sinusoidal variat ion of velocity of the outer flow over the obstacle,  when the shape 
factor  of the outer-f low velocity profile A = 0. For  nonzero values of A, with the condition that the distance 
Y~o remains  constant,  we can use the analogy between flow of a nonuniform s t r eam over  a two-dimensional  
obstacle and over  a body whose shape differs f rom a c i rcu la r  cylinder.  In fact, as follows f rom Fig. 1, an 
increase  in the value of A leads to an increase  in velocity gradient  at the stagnation point and to a more  
rapid "filling out" of the velocity profile of the outer flow over the obstacle.  The same effect is observed 
for flow of a uniform s t r eam over an elliptic cylinder in the longitudinal direction (parallel to the major  
axis). 

For  flow with a per iphera l  velocity maximum (A < O) we observe a sharp reduction in the fr ict ion 
at the wall (by an order  of magnitude) in compar ison  with the s t r eam having a central  velocity maximum. 
The fr ict ion distribution in this case,  as in the case of outer flow with a central  velocity maximum, fol-  
lows the velocity distribution law in the outer flow over the obstacle,  and it is therefore  natural to find a 
large d iscrepancy between the resul ts  obtained and the J imenez data for a uniform flow washing a c i r cu la r  
cyl inder  or an obstacle located normal  to the flow. 
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