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Resul ts  a re  shown of an exper imenta l  study concerning the development of a laminar  sub- 
l ayer  in a turbulent  boundary layer  under l a rge  negative longitudinal p r e s s u r e  gradients .  

Many studies were made of the r e v e r s a l  in a turbulent  boundary layer ,  i . e . ,  of the t ransi t ion f rom 
a turbulent  boundary layer  to a l aminar  one under large negative p r e s s u r e  gradients  [1-4]. 

The mechanism of this t rans i t ion has hardly been explored,  however.  Here the resu l t s  will be shown 
of a study concerning the cha rac t e r i s t i c s  of a l a m i n a r  sublayer  in a turbulent  boundary layer  under large 
negative p r e s s u r e  gradients ,  the occur rence  of such a t ransi t ion being hypothetical ly re la ted  to a situation 
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Fig. 1. Veloci ty prof i le  under  a negative p r e s s u r e  gradient:  
m e a s u r e d  with a t o t a l -p r e s su re  Pi to t  tube (open c i rc les  r e -  
p r e s e n t  values  without a cor rec t ion  for  the ef fec ts  of v i scos -  
ity, wall p roximi ty ,  and veloci ty  gradient;  black dots r e -  
p r e s e n t  values  including the correc t ion)  (1), measu red  with 
a t he rmoanemomete r  (2), edge of the laminar  sublayer  (3), 
based  on local  values  of f r ic t ion  (4), theore t ica l  profi le  
according to Blasins for  dp/dx = 0 (5), u ~  (6), F = 0 (a), 
--1.328" 10 -6 (b), - -2 .21 .10  -6 (c), --2.35" 10 -6 (d), --4.37 
�9 10 -6 (e), - -10 .38 .10  -6 (t), uoo ~-- 17 m / s e e  ( a , b , c , d , e ) p  
= 10.2 m / s e c  (f). 
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Fig. 2. (a) Fluctuat ions  of the longitudinal ve loc i ty  c o m -  
ponent  a c r o s s  the th ickness  of a boundary l aye r  under a 
negat ive p r e s s u r e  gradient .  (b) Typical  t rend  in the de-  
ve lopment  of a boundary  l aye r  under  la rge  negat ive p r e s -  
sure  gradients .  F = 0 (1), - -1 .79-  10 -6 (2), --3.02" 10 -6 
(3), - - 6 . 3 . 1 0  -G (4), l a m i n a r  boundary l aye r  (I), l a m i n a r  
sub layer  of a turbulent  boundary l aye r  (IT) turbulent  core  
of a boundary l aye r  (HI). 

where the flow in the sublayer  is  nea r ly  l amina r  even while the gas  s t r e a m  is fully turbulent.  M e a s u r e -  
ments  in a 1 m long boundary l ayer  at  a f lat  plate were  made with a model  ETAM-3A t h e r m o a n e m o m e t e r a n d  
with t o t a l - p r e s s u r e  P i to t  micro tubes .  In the l a t t e r  case ,  the p r e s s u r e  drop P '  = P0- -Ps  was p icked off a 
p r ec i s ion  alcohol m a n o m e t e r  and read  out au tomat ica l ly  with photodiodes,  opt ical  l enses ,  and a re lay ,  
a ccu ra t e ly  within 0.01 m m  H20. A longitudinal p r e s s u r e  gradient  aIong the plate  was produced by plac ing 
into the act ive zone of an ae rodynamic  tunnel (Fig. 4) spec ia l  i n s e r t s  designed so as  to e l iminate  the ef fec t  
of p rev ious  h i s to ry  on the development  of the boundary l aye r  [5]. The t e s t s  were  p e r f o r m e d  at e i ther  
a l m o s t  constant  o r  quite var iable  grad ien ts  dp/dx aIong the plate.  U p s t r e a m  before  the i n s e r t  a ve loc i ty  
prof i le  of a fully turbulent  boundary l aye r  was a lways at ta ined by means  of a tu rbu l ize r  at the front  edge. 

The veloci ty  prof i le  of the turbulent  boundary l ayer  in our  t es t  i s  shown in Fig. 1 as  a power  function 
of the negative longitudinal p r e s s u r e  grad ien t  (absoIute value): 

U 
- -  = ( y ! 6 )  TM . (I) 

Power  laws descr ibe  the m e a s u r e d  ve loc i ty  prof i ie  in the outer  region of a boundary  l aye r  at  all  t e s t  
va lues  of the p r e s s u r e  gradient .  At large p r e s s u r e  grad ien ts ,  however ,  not only the exponent n in (1) 
i n c r e a s e s  but a l so  the re la t ive  sub layer  th ickness  i n c r e a s e s  sharply .  While 51/6 = 0.02 at  ~" = 0 in our  test ,  
for  example ,  the re la t ive  th ickness  of the l amina r  sublayer  i n c r e a s e d  by an o rde r  of magnitude to 6t/6 
= 0.2 at  F = --10.38- 10 -6. The edge of the l amina r  sublayer ,  with a longitudinal p r e s s u r e  gradient  p r e s e n t  
in the boundary layer ,  was re la ted  to the m a x i m u m  fluctuation of the longitudinal ve loci ty  component  (Fig. 
lc) .  It  has  been es t ab l i shed  that, under modera t e  longitudinal p r e s s u r e  gradients ,  the m a x i m u m  veloc i ty  
f luctuat ions in the boundary l aye r  co r r e spond  to the in t e r sec t ion  points  of two s t ra igh t  l ines descr iMng the 
m e a s u r e d  veloci ty  prof i le  u / u ~  = f(y/6) (to a logar i thmic  scale)  of the l amina r  sublayer  and of the turbulent  
core  respec t ive ly .  

Dis tor t ions  of the m e a s u r e d  ve loc i ty  prof i le  at the wall  and at  the outer  edge of the boundary l aye r  

197 



lO ~ Z 5 8 be** 
7 0,0! 
CF 

~ool 

a 

| 

5 816 p ~ 2 2 5 8 Re** 

Fig. 3. Rela t ive  th ickness  of l amina r  sublayer  61/6 (a) and 
coeff ic ient  of sk in- f r ic t ion  cf (b) a s  functions of the Reynolds 
num ber  Re**: F < 0 (1), F = 0 (2), ca lcula t ions  for  dp/dx 
= 0 (3), t e s t  values  fo r  dp/dx < 0 (4). 

under  la rge  negative p r e s s u r e  gradients  make this  prof i le  approach  the veloci ty  prof i le  of a l a m i n a r  bound- 
a r y  l ayer ,  as  is  evident  f r o m  the compar i son  in Fig. I f  between our  m e a s u r e d  prof i le  and the Blasius  p r o -  
file. The veloci ty  f luctuat ions in the boundary l aye r  also dec rease  under  the influence of a negative p r e s -  
sure  gradient  (Fig. 2a). 

It  i s  to be noted that  the va r i a t ion  in 61/6 is  uniquely de te rmined  by the value of the Re** number  in 
a s t r e a m  with e i the r  a zero  o r  a negative p r e s s u r e  gradient  (Fig. 3a). Inasmuch as  va r ia t ions  in the d rag  
depend l a rge ly  on the th ickness  va r i a t ions  of the l a m i n a r  sublayer ,  the p r ac t i ca l  significance here  is  that 
a flow without and with p r e s s u r e  g rad ien t s  can be analyzed on a more  genera l  bas is .  This is brought  out 
by a compar i son  between local  va lues  of the sk in- f r ic t ion  coeff icient  a t  negative p r e s s u r e  gradients  based  
on the m e a s u r e d  ve loc i ty  prof i le  and those based  on the e m p i r i c a l  Ludwieg--Ti l lman fo rmula  [6] 

cs= 0.246. l0 -0.GTsH Re** -~ 

for  the case  dp/dx = 0 (Fig. 3b). At r a t h e r  sma l l  p r e s s u r e  g rad ien t s  the m e a s u r e d  values  of cf i nc rea se  
accord ing  to the turbulence laws fo r  dp/dx = 0, while the Re ** number  d e c r e a s e s  because  of a negative 
p r e s s u r e  grad ien t  in the s t r e am .  As this  g rad ien t  i n c r e a s e s ,  coeff icient  cf  begins  to dec rease  and i ts  values  
f i t  on the curve  r e p r e s e n t i n g  a t rans i t ion  f r o m  l amina r  to turbulent  flow in the boundary  layer .  

As a consequence of the i nc r ea s ing  re la t ive  th ickness  of the l amina r  sublayer  under negative p r e s s u r e  
grad ien ts ,  the f o r m  fac to r  H of the ve loc i ty  prof i le  does not dec rease  (as is  a s s u m e d  in s e m i e m p i r i c a l  
t heo r i e s  of the boundary layer)  even while the prof i le  becomes  f la t t e r  in the outer  region of the boundary 
l aye r ,  but r e m a i n s  a l m os t  constant  ins tead  (Fig. 4). This is  poss ib ly  somewhat  due to the h i s to ry  of the 
boundary layer ,  the exclusion of which f r o m  the ana lys i s  causes  se r ious  p r o b l e m s .  At la rge  n e g a t i v e p r e s -  
sure  g r a d i e n t s  (A ~ --0.02), when reveri~al a l r eady  begins,  the.value of H i n c r e a s e s  apprec iably .  

If a power  law descr ib ing  the m e a s u r e d  ve loc i ty  prof i le  in the ou te r  region of the boundary l aye r  is  
a s s u m e d  val id  up to the wall, i . e . ,  i f  the exis tence  of a l amina r  sublayer  at  the wall  is  d i s regarded ,  then 
the va lues  of H obtained at  negat ive p r e s s u r e  grad ien ts  dec rea se  and agree  with those according  to J.  
Niknradze [7], E. Gruschwitz  [8], and A. Buri  [9], who did not include the l amina r  sublayer  in thei r  m e a -  
su remen t s .  

According to the t e s t  data p r e s e n t e d  here ,  the t rans i t ion  of a turbulent  boundary l aye r  into a l amina r  
one begins at  an F number  somewhere  between - -~ .31 .10  -6 and --3.7" 10 -6 (corresponding to A = --0.0241 
and --0.293 respec t ive ly) .  It  is  to be noted that these va lues  of F agree  with those given in [3, 4], although 
in [4] the r e v e r s a l  e f fec t  was de t e rmined  under different  conditions: f r o m  the dec rea se  of the heat  t r a n s f e r  
coeff icient  in nozzles .  

The development  of a turbulent  to l amina r  t rans i t ion  of the boundary l aye r  at  dp/dx << 0 is  shown in 
Fig 2b in a s impl i f ied  vers ion .  At la rge  negat ive p r e s s u r e  gradients ,  accord ing  to this model ,  the 
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Fig. 4. Effect  of negative p r e s su re  gradient  on the 
value of the fo rm fac tor  H: with the laminar  sublayer  
d i s regarded  (1), with the laminar  sublayer  taken into 
account  (2), according to tes t s  in [7] (3), according to 
tes ts  in [9] (4), according to tes t s  in [8] (5), inse r t  (6), 
plate (7). 

turbulent  core  of a boundary l aye r  degenera tes  because of the increas ing  re la t ive  thickness of the laminar  
sublayer  and the s imuI taneous lydecreas ing  total thickness of the boundary layer .  

NOTATION 

cf is the local coefficient of skin friction; 
Re** = u6**/~ is the Reynolds number referred to the momentum thickness; 
F = .(dp/dx)/pu~; 

A = ~(dp/dx)/pu3, are the parameters of the longitudinal pressure gradient; 
H = 6 " / 6  ** is  the fo rm fac tor  of the veloci ty  prof i le ;  
dp/dx is  the p r e s s u r e  gradient;  
P0 is  the total  p r e s s u r e ;  
P s  is  the stat ic p r e s s u r e  
u is  the velocity;  
u ,  = ~ - ~  is the dynamic velocity;  

= ~ is the intensi ty of veloci ty  fluctuations in a boundary layer ;  
6 is  the thickness of boundary layer ;  
6"  is  the displacement  thickness of boundary layer ;  
6 ** is the momentum thickness of boundary layer ;  
61 is the thickness of l aminar  sublayer;  
y is  the normal  distance f ro m  the plate surface;  

is  the kinematic  v i scos i ty  of the gas; 
p is the density of the gas. 

S u b s c r i p t s  

w r e f e r s  to the wall; 
.o r e f e r s  to the outer  edge of boundary layer .  

i. 
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