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Resu l t s  a r e  p r e s e n t e d  of an expe r im e n t a l  inves t iga t ion  of the in te rac t ion  of a subsonic  a x i s y m -  
m e t r i c  jet ,  within the in i t ia l  sect ion,  and a f lat  p la te  mounted p a r a l l e l  to the je t  axis .  R e l a -  
t ions  a r e  obtained for  the mean and f luctuat ing ve loc i t i e s  in the wal l  boundary l aye r ,  and the 
f r i c t ion  s t r e s s  on the p la te  is a l so  given. 

The leve l  of tu rbu lence  in the oncoming s t r e a m  has an app rec i ab l e  influence on the na ture  of the flow 
in the wal l  boundary  l a y e r  of a plate .  The influence can be twofold [1]i f i r s t l y ,  the p r e s e n c e  of f luctuat ions 
in the ex te rna l  flow changes the posi t ion of the point of t r a n s i t i o n  f rom l a m i n a r  to turbulent  flow, and 
secondly,  t he re  is a change in the heat  and mass  t r a n s f e r  c h a r a c t e r i s t i c s ,  which leads  to a change [n the 
loca l  va lues  of f r i c t ion  s t r e s s  and heat  flux at  the wall .  

T h e  de te rmina t ion  of these  impor tan t  eng ineer ing  c h a r a c t e r i s t i c s  of the in te rac t ion  of the flow with a 
f lat  p la te  can be de t e rmined  by solving the boundary  l a y e r  equations in the Reynolds form.  In th is  case ,  to 
de t e rmine  the r e l a t ionsh ip  between the f luctuat ing c h a r a c t e r i s t i c s  and the mean, one can ha rd ly  use ava}l-  
able hypotheses  as  to the effect ive  p r o p e r t i e s  of the t r a n s f e r  of tu rbulen t  fluid, as obtained for  a tu rbulen t  
boundary  l a y e r  with no f luctuat ions  in the outer  flow. 

T h e r e f o r e ,  the a im of the  p r e s e n t  inves t iga t ion  is to study the r e l a t ion  between the mean and f luc tua-  
t ing c h a r a c t e r i s t i c s  in the  wal l  boundary l a y e r  on a f lat  p la te  washed by a je t  of tu rbulen t  fluid. 

The expe r imen t a l  a r r a n g e m e n t  cons i s t s  of a continuous wind tunnel,  a t r a v e r s e  mechan i sm,  a con-  
stant  t e m p e r a t u r e  hot w i r e  anemomete r ,  a P i to t  micro tube ,  and a r e c o r d e r  (an N-105 osc i l lograph) .  The 
flat  p la te  was a m i c a r t a  s lab of s ize  1000 • • m m ,  with a wedge - shaped  nose. The p la te  was flat  over  
i ts  en t i r e  su r face  to within 0.025 ram. The p la te  had an a p e r t u r e  of d i a m e t e r  3 mm to allow the anemon-  
e te r  s e n s o r  to be i n t r o d u c e d ,  into the p la te  boundary l aye r .  T r a v e r s e  of the s enso r  through the boundary  
l a y e r  was  accompl i shed  us ing a m i c r o m e t e r  mechan i sm with a reso lu t ion  of 0.01 ram. 

The p la te  was mounted with i ts  leading edge at the nozzle  exi t  on the je t  axis .  The a i r  s t r e a m  was 
gene ra t ed  by a wind tunnel  cons i s t ing  of an intake co l l ec to r ,  a fan, a se t t l ing  chamber ,  a honeycomb sect ion,  
and a subsonic  nozzle  inlet  sect ion.  The meta l  intake co l l ec to r  had a t h r e e - s t a g e  c o m p r e s s o r .  A four-  
b lade  fan, d r iven  by a DC e l e c t r i c  motor ,  d e l i v e r e d  0.3 m3/sec of a i r  at 600 N / m  2 head. A f e r r o - r e s o n a n t  
s t a b i l i z e r  was  used  to d e c r e a s e  the effects  of mains  vol tage  f luctuat ions.  

The e x p e r i m e n t a l  inves t iga t ion  was conducted with a flow ve loc i ty  at the nozzle  exi t  of (Ua> =5 to 
30 m / s e c ,  the nozzle exit  d i a m e t e r  being da=100 ram. The mean and f luctuat ing ve loc i t i e s  we re  measu red  
at  15 sec t ions  on the p la te  sur face ;  the to ta l  range  of va r i a t i on  of the flow Reynolds number  R x=  (Ua> x /v ,  
where  x is  the d i s t ance  f rom the leading edge of the p la te ,  was 0 to 3 " 105. To obtain the mean and f luc tua- .  
t i n g v e l o c i t y p r o f l l e s  in the wal l  boundary l aye r ,  the a n e m o m e t e r  s enso r  was pos i t ioned  at va r i ous  d i s t ances  
f rom the wal l  in the range  y=0.05 to  10 ram, in s teps  of 0.05 mm. The in i t ia l  pos i t ion of the s e n s o r  wi re  
r e l a t i ve  to the wal l  was de t e rmined  by means  of a mic roscope .  Al ignment  of the plate  p a r a l l e l  to the s t eam 
axis  was se t  by means  of s t a t i c  p r e s s u r e  taps  on the pla te  at a number  of s i t e s  on the sur face .  F o r  c o r r e c t  
a l ignment  t h e r e  was no s t a t i c  p r e s s u r e  d i f fe rence  over  the in i t ia l  sec t ion of the jet.  
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T h e  s e n s i t i v e  e l e m e n t  of t he  a n e m o m e t e r  p r o b e  was  a g o l d - p l a t e d  t u n g s t e n  w i r e  of length  1.5 m m  ar_d 
d i a m e t e r  6.5 ~ ,  which  w a s  s p o t - w e l d e d  to t he  ends  of n i c k e l  n e e d l e s  to  f o r m  a U - s h a p e d  p r o b e .  The  a n e m o m -  
e t e r  had a l i n e a r i z i n g  c i r c u i t  to  g ive  an output  s i gna l  p r o p o r t i o n a l  to  t he  flow v e l o c i t y  [2]. F o r  the  chosen  
d e g r e e  of  w i r e  o v e r h e a t  f a c t o r  n =2 the  a n e m o m e t e r  t i m e  c o n s t a n t  M =4 �9 10 -6 s e c  gave  i t  a f r e q u e n c y  r a n g e  
of 0 to  25 kHz.  The  e x p e r i m e n t a l  r e s u l t s  w e r e  c o r r e c t e d  fo r  l a r g e  s i g n a l  d i s t o r t i o n  b y  the  me thod  of [3]. 
When the  w i r e  was  v e r y  c l o s e  to  the  wa l l  the  w a l l  coo l ing  e f fec t  was  accoun ted  f o r  [4]. The  a n e m o m e t e r  was  used  
to  m e a s u r e  both f l uc tua t i ng  and m e a n  l ong i t ud ina l  v e l o c i t y  in s e c t i o n s  a long  the  j e t  ax i s  of s y m m e t r y ;  the  
m e a n  v e l o c i t y  was  a l s o  m e a s u r e d  with  the  P i t o t  m i c r o t u b e .  

T h e  t o t a l  m e a s u r e m e n t  e r r o r s  fo r  t he  m e a n  and f luc tua t ing  v e l o c i t i e s  w e r e  5 and 15%, r e s p e c t i v e l y .  
B e c a u s e  hot  w i r e  a n e m o m e t e r  m e a s u r e m e n t s  a r e  i n a c c u r a t e  in f lows  with  low v e l o c i t y  and high t u r b u l e n c e  
l eve l ,  t he  j e t s  u s e d  in the  e x p e r i m e n t s  had  a t u r b u l e n c e  i n t e n s i t y  at  the  nozz le  ex i t  of e a = < u ~ a ' 2 > / ( U a >  = 

1.5 and 4 .6%.  In t he  l a t t e r  c a s e  the  c o n v e r g i n g  p a r t  of the  nozz le  was  equ ipped  with  a t u r b u l e n c e  g e n e r a t i n g  
g r i d  of c e l l  d i a m e t e r  !0 ram,  wi th  b l o c k a g e  f a c t o r  of 0.7. 

R e s u l t s  a r e  p r e s e n t e d  be low of the  m e a s u r e m e n t s  f o r  a t o t a l  R e y n o l d s  n u m b e r  R a = ( u a > d a / ~ = 4 . 9 "  

104. T h e  e x p e r i m e n t s  a t  d i f f e r en t  R a showed  tha t  v a r i a t i o n  of R a o v e r  a wide  r a n g e  has  l i t t l e  e f fec t  on the  
m e a s u r e d  v a l u e s .  

F r o m  the  m e a s u r e m e n t s  of the i n t e n s i t y  of t u r b u l e n c e  ~/( t l~ '2>/(ua> in the  p o t e n t i a l  c o r e  of t he  f r e e  
s t r e a m ,  and inc lud ing  the  j e t  i n t e r a c t i n g  wi th  t he  p l a t e ,  i t  w a s  e s t a b l i s h e d  tha t  t he  i n t e n s i t y  of t u r b u l e n c e  in 
the  j e t  c o r e  i s  l a r g e r  than  the  c o r r e s p o n d i n g  l e v e l s  m e a s u r e d  in the  t w o - d i m e n s i o n a l  s t r e a m  beh ind  the  
t u r b u l e n c e  g e n e r a t i n g  g r i d  in t h e  f low o v e r  a f l a t  p l a t e  in [5] and i s  of t he  s a m e  o r d e r  a s  t h e  c o r r e s p o n d i n g  
v a l u e s  in f r e e  a x i s y m m e t r i c  j e t s  [6]. 

F i g u r e  1 shows  r e s u l t s  of m e a s u r e m e n t  of t h e  d i s t r i b u t i o n  of m e a n  v e l o c i t y  (u> t h r o u g h  t h e  f l a t  p l a t e  
b o u n d a r y  l a y e r .  H e r e  V = q ( u 6 > / ~ x  i s  t he  B l a s i u s  v a r i a b l e ,  and (u6> i s  the  v e l o c i t y  at  t he  o u t e r  edge  of 
t h e  b o u n d a r y  l a y e r  (in ou r  e x p e r i m e n t  (u5> -- (u  a>)" The  po in t  n u m b e r  and the  c o r r e s p o n d i n g  v a l u e s  of  

5 and R x a r e  g iven  in T a b l e  1. 
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The  r e su l t s  obtained show that  the mean ve loc i ty  field in the 
wall  region is s i m i l a r  to thut nea r  the plate leading edge and is de s -  
c r ibed  by the wel l -known Blasius  prof i le  for  the l amina r  boundary 
l aye r  (solid curve) .  With inc rease  of Reynolds number  R x the ve loc -  
ity prof i le  becomes  ful ler ,  which is evidence of t r ans i t ion  of 
l a m i n a r  flow to turbulent  in the boundary layer .  For  ga =1.5% the 
s t a r t  of t rans i t ion  occurs  at R x = l . 3 "  105, and for  ga =4.6%, at Rx = 
5 �9 104. The dec r ea se  in c r i t i ca l  value Rx* in compar i son  with the 
data of [7] may be due to the inc rease  in the intensi ty of turbulence  
along the jet  axis .  

In o rde r  to de te rmine  the boundary for  t rans i t ion  to fu l ly-  
developed flow turbulence  the mean ve loc i ty  prof i le  was e x p r e s s e d  
in the coordinates  of the dis tr ibut ion law for  ve loc i ty  in the tu rbu -  
lent boundary l aye r  (Fig. 2). He re  v .  = 7V-~w/p is the dynamic 
veloci ty ,  7w is the f r ic t ion s t r e s s  at the wall,  and the notation he re  
and below co r r e sponds  to that used p rev ious ly  in Fig. 1. 

The ve loc i ty  prof i le  in the l am i na r  sublayer  is desc r ibed  quite well  by the re la t ion (broken line) 

<u> i v. = yv, I ~ (1) 

In the fully turbulent  region the mean ve loc i ty  prof i le  has the  f o r m  (solid line) 

<u> /v,  = 5.751gyv,/v-~ 5.5 (2) 

It follows f r o m  the data p r e sen t ed  in Fig. 2 that the  t rans i t ion  to the  fully developed turbulent  boundary 
ends at Rx=2.5  �9 105 for  ea =1.5%, which is much less  than the Reynolds number  cor responding  to the end 
of t r ans i t ion  at low turbu lence  level  [7]. It should be noted that  when the degree  of turbulence  in the on- 
coming s t r e a m  is re la t ixe ly  high (Ca =4.6%) the s ca t t e r  in the exper imen ta l  va lues  i nc reases .  This  makes  
it difficult to  cons t ruc t  the veloci ty  prof i les .  

F igure  3 shows the distr ibution of longitudinal root  mean square  ve loc i ty  f luctuations ~/(u '27 in the 
pla te  boundary l ayer  for  the two levels  of the turbulence  intensi ty at the nozzle exit, r =1.5% (Fig. 3a) 
and r =4.6% (Fig. 3b). The  data p r e sen t ed  show that  the ve loc i ty  fluctuations i n t h e  jet  pene t ra t e  deep into 
the plate  boundary l aye r  and c rea t e  conditions for  a c c e l e r a t e d  t rans i t ion  f r o m  l amina r  to turbulent  flow. 
The m a x i m u m  values  of the veloci ty  f luctuations occur  in the immedia te  vicini ty  of the wall; in the l amina r  
flow region at a dis tance on the o rder  of y /5  = 0.2 to 0.3, where  5 is the boundary l ayer  th ickness ,  and in 
the turbulent  flow region,  at dis tance of y / 5  < 0.05. F igure  3 also shows the ca lcula ted  ve loc i ty  f luctuations 
f ( u ' 2 >  =l ( 0 u / 0 y )  using the re la t ion  for  the mixing length p roposed  in [8] (curve 1) 

Z = k~ - (2k - 3ko) ~ + (k - 2ko) ~ (3) 

k = 0 . 4 ;  ko=O.07, ~=y/5 ,  [ = l / 5  

and using the Spalding re la t ion  [9] (curve 2) 

1/8=~ for  y / 8 ~ / k ,  k-=0.4, ~=0.09,  A . = 2 7  
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The veloci ty  fluctuation p rof i l es  cons t ruc ted  using the above re la t ions  for  var ia t ion  of mixing length 
through the boundary l aye r  a r e  in good ag reemen t  with expe r imen t  only v e r y  close to the  wall. With in- 
c reas ing  distance f r o m  the wall  the d ivergence  between theory  and exper iment  i nc reases .  Analysis  of the 
exper imenta l  p rof i les  of mean and fluctuating veloci ty  in the boundary l aye r  ),ields the following a p p r o x i m a -  
tion for  the ve loc i ty  f luctuations in the boundary layer :  

R x 

where  l is the mixing length as defined by Eq. (4), and Rx* is the c r i t i ca l  Reynolds number.  

The r e su l t s  of calcula t ions  of ve loci ty  f luctuations using Eq. (5) a r e  shown in Fig. 3 (broken lines). 

F igure  4 shows the dependence of the fr ict ion fac to r  Cf  on R x (the points denoted by the l e t t e r  a c o r -  
r espond  to r =1.5%, and those denoted by  the l e t t e r  b co r respond  to Ca =4.6%). Again the Blaslus  law for  
the l amina r  boundary l ayer  is shown (curve 1) 

CI = 0.664. R~ ~ (6) 

and the re la t ion  for  the turbulent  boundary l aye r  (curve 2) 

C i = 0.0592. R~ "~ (7) 

The fr ict ion s t r e s s  was calcula ted d i rec t ly  f rom the measu red  veloci t ies  in the boundary layer .  It 
can be seen f r o m  Fig. 4 that  the fr ict ion fac tor  is in good a g r e e m e n t  with C f  as calculated f rom Eqs. (6) 
and (7) fo r  the l am i na r  and turbulent  flow regions .  In the t rans i t ion  region the behavior  of the local  f r i c -  
tion f ac to r  can be descr ibed  with the aid of re la t ions  analogous to the P r a n d t l -  Schlichting fo rmula  for  the 
mean f r lc t lon fac to r  

C t = 0.455 (lg R~.) -2.5s - -  A R ~  '1 (8) 

The  value of A depends on the location of the point of t rans i t ion  of the l amina r  flow to turbulent ,  and 
is t he re fo re  a function of the degree  of turbulence  of the oncoming s t r e a m  approaching the plate. The  r e -  
sults  of the p r e s en t  work give 

A =: exp (9.07--1.59e ~ (9) 

where  e is the intensity of turbulence at the outer  edge of the boundary l ayer  at the point cor responding  
to Rx*.  The r e su l t s  of calculat ing Cf  f rom Eqs. (8) and (9) a re  shown in Fig. 4 for  r =1.5 and 4.6% 
(curve 3). 
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