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The authors  identify a je t  region in the turbulent  boundary layer  and de te rmine  i ts  mean  
veloci ty  profi le .  This concept  c o r r e l a t e s  a wide c l a s s  of flows with different  pe r tu rba t ion  
fac to r s ,  including injection,  longitudinal p r e s s u r e  gradient ,  and roughness .  

In the p r e s en t  s tate  of turbulent  boundary l aye r  theory it is impor tan t  to cons t ruc t  co r re l a t ions  for  
the flow c h a r a c t e r i s t i c s ,  in o rde r  to elucidate the physica l  laws of the flow and to use these cor re la t ions  
in var ious  computat ion methods.  The poss ibi l i ty  of co r r e l a t i ons  r e s t s  on the conse rva t ive  p rope r t i e s  of 
the turbulent  boundary layer .  The stabil i ty of the laws of turbulence in the wall  pa r t  of the l aye r  is a 
p r e m i s e  of the theory of l imit ing t rans i t ions  [1]. Moreove r ,  the outer  pa r t  of the layer  adjacent  to the 
unper turbed flow also p o s s e s s e s  some conserva t ion  p roper ty .  

The co r r e l a t i on  in the p r e s en t  paper  is based on the concept  of the outer  pa r t  of turbulent  boundary 
l aye r s  having a j e t - l ike  nature ,  and these p r o p e r t i e s ,  s i m i l a r  to those of a f ree  jet ,  a re  specif ic indications 
of the je t  region and de te rmine  its s ize.  F o r m a l  indications of this region of the boundary l ayer  include a 
constant  Prandt l  mixing length, o r  a monotonic d e c r e a s e  in shear  s t r e s s  towards the outer  edge of the 
boundary layer .  It follows f rom physical  a rguments  that the boundary behveen the wall  region and the outer  
je t  region in developed turbulent  boundary l aye r s  will  be a sur face  where  the shear  s t r e s s  has a max imu m 
[2]. This method of de te rmin ing  boundar ies  of the regions  can be useful for  turbulent boundary layers  with 
a r b i t r a r y  pe r tu rba t ions ,  including l aye r s  on an i m p e r m e a b l e  sur face  with ze ro  p r e s s u r e  gradient .  In the 
la t te r  case  t rans i t ion to the jet  region occu r s  where  the shea r  s t r e s s  begins to dec r ea se  apprec iably .  The 
validi ty of t rea t ing  the flow in the outer  region as a f ree  turbulent  boundary l ayer  in a f ree  jet  is conf i rmed 
by the identical  nature of the p r o c e s s e s  of en t ra inment  of nonturbulent fluid f rom the ex te rna l  flow, the 
s imi l a r i t y  of conditions at  the outer  boundary,  the s i m i l a r  nature of convers ion  of energy of mean  motion 
into turbulent  energy ,  and by the s i m i l a r  behavior  of the eddy v i scos i ty .  Final ly ,  a conf i rmat ion  of the 
ideas p resen ted  here  concerning the jet  nature  of the flow in the outer  pa r t  of turbulent  boundary layers  
is the fact  that there  ex i s t s  a un iversa l  dependence for  veloci t ies  in va r i ab l e s  which a r e  s i m i l a r  to those 
used to desc r ibe  un iversa l  veloci ty  p rof i l es  in f ree  jets  and wakes .  

We de te rmine  the fo rm of the dependence by assuming  a l inear  var ia t ion  of the shear  s t r e s s  "r a c r o s s  
the en t i re  jet  region. This hypothesis  is based on numerous  expe r imen ta l  and theore t ica l  data for  different  
kinds of  boundary l aye r s .  It can be a s s e r t e d  quite confidently that a l inear  var ia t ion  is typical  for  the jet  
region cons idered  and that a ce r t a in  amount of curva tu re  of the profi le  at the boundaries  of the region is 
apparent ly  due to in te rmi t tency  and to pecu l i a r i t i e s  of en t ra inment  of nonturbulent  fluid by large eddies.  

F r o m  the Prandt l  fo rmula  
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allowing for  ~he fact  that the mixing length l is constant  in the jet  region,  it follows that: 

u,~--u - -  A ( Y'~-- y \3/2 
um - -  u,~m g.~ - -  g , ~  ,) ' (2) 
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where 

2 (g~ --Y~'~ . (3) 
A = - 3 - I -  \ u ~ -  u m ~  

Here  the difference in the coordinates  Ym - Y m m  is the thickness of the jet  region,  and the di f ference in the 
veloci t ies  U m - U m m  is the m a x i m u m  velocity defect  in the je t  region. The coeff icient  A was  de te rmined  
f rom exper imen ta l  data of d i f ferent  authors .  It is  noteworthy that for  all  types of boundary l aye r s  examined 
the coeff icient  A had the value unity. Compar i son  of Eq. (2) with A = 1 with tes t  r e su l t s  is shown in Fig. la .  
It can be seen that the dependence,  in con t r a s t  with e a r l i e r  co r r e l a t ions  cons idered ,  is un iversa l  in nature 
and gives a good descr ip t ion  of the ve loc i ty  dis t r ibut ion for  a wide c l a s s  of flows in the turbulent  boundary 
layer .  F igure  l a  shows expe r imen ta l  data on veloci ty prof i les  in a channel with pa ra l l e l  wal ls  for  var ious  
values  of Reynolds number  [3], on a flat  plate (the "one-seventh"  law), on a pe rmeab le  sur face  with a p r e s -  
sure  gradient  [4, 6] and without a p r e s s u r e  gradient  [5], for  var ious  injection p a r a m e t e r s ,  including s t rong 
blowing, where  the p rof i l es  a re  S-shaped,  in the wall  je ts  on p e r m e a b l e  su r faces  in the p re sence  of p r e s -  
sure  gradient  (the r e su l t s  of the p r e s en t  authors) ,  and in a pipe with rough wails  [7]. Equation (2) can a lso  
be wr i t ten  in veloci ty  defect  form.  Since the mixing length is constant  in the jet  region,  l = fiYm [8], it 
follows f rom Eq. (3) that 

and then Eq. (2) takes the f o r m  

Um--Um'~ �9 -- 13' (1 - -  ~l~m), (4) 
r) m 

um - -  u = ~ '  (1 - -  n )  3/2 ( 5 )  
v~ (1 - -  ~l,~m) 1/2 

Here  the dynamic veloci ty  ~m is de te rmined  f rom the m a x i m u m  shear  s t r e s s ,  and is constant  

2 
-aA  " 

It is worth  noting that Eq. (5) is s i m i l a r  in fo rm to the well-known Darcy fo rmula  [8], which was 
es tabl i shed exper imen ta l ly  for the specia l  case  of flow in c i r c u l a r  channels:  

u m - - u  =5 .08  ( RRg)3/2 v* - -  �9 (6) 

The left s ides of the two equations a r e  identical ,  since the shea r  s t r e s s  ~m coincides with T w for  
flow in pipe flow, and the coordinate  ~mm = const .  

A specif ic  conf i rmat ion  of the validi ty of Eq. (2) with the value A = i is that it c o r r e l a t e s  with the 
approved re la t ions  for  spec ia l  type of flow. F o r  example ,  f rom the Darcy  fo rmula ,  a f te r  it is conver ted  to 
the fo rm 

u,~--u u,~--Umm 5.08( R--gm,~)a/2( R--g )3/2 �9 - ( 7 )  
t2 m - -  U, m m  O* R R ~ Ymra  

allowing for  the fact  that R = Ym and that Eq. (7) a lso  holds for  y = Ymm, it follows that 

um--u = ( ym--y ) a:*-. 
Urn - -  U m m  . ~lrn - -  gram 

It is known that the Darcy  fo rmula  co r r e sponds  to the actual  veloci ty  dis tr ibut ion for  y / R  -> 0.25, 
which co r r e sponds  to the jet  region of the boundary l ayer  as defined above. 

S imi la r ly  one can c o r r e l a t e  Eq. (2) with the Ross  re la t ion  for  flow with p r e s s u r e  gradient  [9] 

(8) 

u = I - - D  (1-- g ) a/2, 
Urn Y m  

(9) 

where  D is a shape fac to r  de te rmined  by the flow conditions. F r o m  Eq. (8), a f t e r  convers ion  to the fo rm 
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Fig.  1. C o m p a r i s o n  of  the un ive r sa l  c o r r e l a t i o n  (2) with expe r imen t a l  data  fo r  wai t  turbulent  flow (a); fo r  
a boundary  l a y e r  in the ini t ia l  s ec t ion  of  a f r ee  je t  0o), and fo r  the ma in  p a r t  of  a f r ee  je t  (c): 1) Re 
= 57,000, [3]; 2) ire = 230,000,  [3]; 3) m = 0, [5]; 4) m = 0.005, [5]; 5) m -- 0.01, [5]; 6) m = 0.018, [5]; 7) m 
= 0.0212, [5]; 8) m = 0.0147,..[4]; 9) the " o n e - s e v e n t h "  law; 10) m = 0.016, x = 6.19, [6]; 1i) m = 0.048, x 
= 6.19, [6]; 12) Re = 4 .104 ,  x = 30, [7J; 13) wal l  je t  on a p e r m e a b l e  s u r f a c e ,  m = 0.03, r = 0.5; 14) wal l  je t  
on a p e r m e a b l e  s u r f a c e ,  m = 0.03, r = 2. 

Ur__ u Urn__U,,~rn o(grn__yrn,, ,)3:2( y , _ _ y  )a/2 (10) 

Urn - -  U m m  l~rn ~1 m tjrn - -  Yrnm 

one obta ins  Eq. (2) with A = 1. 

One can  check  the concep t  that the flow in the ou t e r  p a r t  of  the boundary  l a y e r  is j e t - l i ke  in na ture  
by c o m p a r i n g  the p roposed  un ive r sa l  c o r r e l a t i o n  with data  obtained in f ree  je ts .  F igu re  lb  c o m p a r e s  the 
u n i v e r s a l  c o r r e l a t i o n  with e x p e r i m e n t a l  r e s u l t s  fo r  the boundary  l a y e r  in the ini t ial  sec t ion  of  a je t ,  as  
g iven in [10]. The upper  p a r t  of  the g r a p h  c o r r e s p o n d s  to the ou te r  edge of  the je t  boundary  l aye r ,  and the 
lower  b r a n c h  c o r r e s p o n d s  to its i n t e rna l  region.  In the c o o r d i n a t e s  of the g r aphs  Eq. (2) takes  the f o r m ,  
f o r  the o u t e r  and inner  r eg ions ,  r e s p e c t i v e l y :  

urn--u - - 1 - -  7 ( g . , - - t j )  3e 
u,,, - -  Up 1~- \ ~  ] (].1} 

and 

u " - - u  - 9 [ (1  g"- -g  ) t ] 3;~'. (.1.2) 
u~ - -  Up 16 5 0.604 

The coo rd ina t e  Ymm in the je t  boundary  l a y e r  is d e t e r m i n e d  as the eoord ina te  of  the point  w h e r e  02u/0y  z 
= 0 (which c o r r e s p o n d s  to r m fo r  I = eons t ) ,  and he re  one uses  the ve loc i ty  prof i le  in the Sehliehting f o r m  

- - - -  ( 1 3 )  
gt m - -  U p  

F i g u r e  le  c o m p a r e s  Eq. (2) with e x p e r i m e n t a l  data  fo r  the ma in  p a r t  of  a f r ee  je t  [10]. The upper  b ranch  
of  the c u r v e  c o r r e s p o n d s  to the c e n t r a l  p a r t  of  the je t ,  and the lower  pa r t  c o r r e s p o n d s  to the ou te r  par t .  

The s a t i s f a c t o r y  a g r e e m e n t  between the un ive r sa l  c o r r e l a t i o n s  (2) and the e x p e r i m e n t a l  data on f r ee  
je ts  c o n f i r m s  that  the p r e s e n t  c o r r e l a t i o n  is phys ica l ly  wel l  founded. 

In conc lus ion  a t ten t ion  should be d rawn  to one of the consequences  of the ideas  p r e sen t ed  he re  c o n -  
c e r n i n g  c h a r a c t e r i s t i c  r eg ions  of  the tu rbulen t  boundary  layer .  This is that  an i n c r e a s e  in the in tens i ty  of 
blowing th rough  a p e r m e a b l e  s u r f a c e ,  and a l so  an i n c r e a s e  in a pos i t ive  p r e s s u r e  g rad ien t  do not cause  
condi t ions  in the boundary  l a y e r  to approach  the condi t ions  in a f r ee  je t ,  as  is wide ly  a s s u m e d ,  but on the 
c o n t r a r y ,  cause  the je t  r eg ion  to c o n t r a c t ,  as  is ev idenced  by the d i s p l a c e m e n t  of the s h e a r  s t r e s s  m a x i -  
m u m  awsy  f r o m  the wail .  This fac t  should be taken into accoun t  in the deve lopment  of  computa t iona l  m e t h -  
ods fo r  boundary  l aye r s .  
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NOTATION 

the ve r t i c a l  coordinate;  
the boundary l aye r  thickness;  
the d imens ion less  t r a n s v e r s e  coordinate ;  
the ve r t i c a l  coordinate  of the point where  u = 0.5 urn; 
the d is tance  f rom the outer  edge of the layer ;  
the mixing length; 
the longitudinal mean  velocity;  
the shea r  s t r e s s ;  
the dynamic velocity;  
the densi ty;  
the tube radius;  
the intensi ty of t r a n s v e r s e  blowing; 
the ini t ial  veloci ty  of wal l  jet; 
the wal l  je t  p a r a l l e l i s m  p a r a m e t e r ;  
the longitudinal coordinate ;  
the d imens ion less  longitudinal coordinate .  

S u b s c r i p t s  

m denotes the max imum;  
m m  denotes  on the line of m ax i m um  shea r  s t r e s s ;  
w denotes  at the wall;  
p denotes the pa ra l l e l  flow. 
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