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A B S T R A C T  

Pi to t  p r e s s u r e  and to ta l  t e m p e r a t u r e  m e a s u r e m e n t s  in the  tunne l  wa l l  
F , r  

b o u n d a r y  l a y e r s  in  the  von  K a r m a n  Gas  D y n a m i c s  F a c i l i t y  50- in .  - d i a m  
l~ypersonic  wind t u n n e l s  a r e  p r e s e n t e d .  The  m e a s u r e m e n t s  w e r e  ob t a ined  
in the  wind tunne l  t e s t  s e c t i o n s  at  n o m i n a l  f r e e - s t r e a m  Mach  n u m b e r s  of 
6, 8, and 10 at  f r e e - s t r e a m  uni t  R e y n o l d s  n u m b e r s  f r o m  0 . 3 2  x 106 to 
3 .91  x 106 p e r  foot.  The  b o u n d a r y  l a y e r s  w e r e  fu l ly  t u r b u l e n t  ( ve loc i t y  
p ro f i l e  index  6 to 10), and the to t a l  t h i c k n e s s  r a n g e d  f r o m  4 to 11 in.  
V e l o c i t y  and m a s s  f low p r o f i l e s  w e r e  compu ted  and u s e d  to  c a l c u l a t e  
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  and m o m e n t u m  t h i c k n e s s e s .  The  e x p e r i -  
m e n t a l l y  d e t e r m i n e d  r a t i o  of d i s p l a c e m e n t  t h i c k n e s s  to m o m e n t u m  t h i c k -  
n e s s  was  e s s e n t i a l l y  i ndependen t  of M a c h  n u m b e r  and R e y n o l d s  n u m b e r  
o v e r  the  r a n g e s  i n v e s t i g a t e d .  

ThisjJoe~ment is subject to special  export controls 
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NOMENCLATURE 

H 

M 

n 

P 

P r  

R e  

R e  x 

r 

T 

U 

X 

Y 

6 

5~ 

e 

P 

6 */e,  f o r m  f ac to r  

Mach number  

Veloci ty prof i le  index, 

P r e s s u r e ,  ps ia  

P rand t l  numbe r  

(U/Ue) = (y/6) 1/n 

ft 2 
Gas constant ,  1716.3 

sec  2-oR 

Unit Reynolds number  based  on b o u n d a r y - l a y e r  edge 
conditions,  f t -  1 

Reynolds  n u m b e r  based  on b o u n d a r y - l a y e r  edge condit ions 
and d i s tance  f r o m  th roa t  to s u r v e y  s ta t ion  (e. g . ,  x 2_4 in 
Fig. 2) 

1Radius of tunnel,  in. 

T e m p e r a t u r e ,  °R 

Veloci ty,  f t / s e c  

Tunnel axial  d i s t ances  (see Fig.  2), in. 

Dis tance  f r o m  tunnel wall ,  in. 

Rat io of spec i f ic  hea t s  

B o u n d a r y - l a y e r  th ickness ,  in. 

B o u n d a r y - l a y e r  d i sp l acemen t  th ickness ,  in. 

B o u n d a r y - l a y e r  m o m e n t u m  th ickness ,  in. 

Densi ty ,  s l u g s / f t  3 

SUBSCRIPTS 

e 

o .  

P 

W 

B o u n d a r y - l a y e r  edge conditions 

Stil l ing c h a m b e r  conditions 

P robe  condit ions 

Nozzle  wall  conditions 

vi  
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SECT'ION I 
INTRODUCTION 

The d e s i g n e r s  of contoured wind tunnel  nozz les  mus t  be able to 
make accu ra t e  p red ic t ions  of the nozzle  b o u n d a r y - l a y e r  growth.  The 
method g e n e r a l l y  used  in the des ign  of s u p e r s o n i c  and h y p e r s o n i c  wind 
tunnel  nozz les  is to add the e s t i m a t e d  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  
t h i c k n e s s  to the inv i sc id  nozzle  coord ina tes .  Thus,  the m a s s  flow de- 
fec t  caused  by the v i scous  b o u n d a r y - l a y e r  flow is  accounted for .  Noz-  
zle  coord ina tes  for  inv i sc id  flow a re  g e n e r a l l y  ca lcu la ted  by the method 
of c h a r a c t e r i s t i c s  (Ref. 1). Most h y p e r s o n i c  wind tunnel  nozzle  bound- 
a r y  l a y e r s  a re  tu rbu len t ,  and ca lcu la t ion  of the d i s p l a c e m e n t  t h i c k n e s s  
r e q u i r e s  s e m i - e m p i r i c a l  methods  (Refs. 2 and 3). Numerous  s tud ies  
of boundary  l a y e r s  in s u p e r s o n i c  flow have been r e p o r t e d  (Refs.  4 
th rough  7); however ,  h y p e r s o n i c  flow b o u n d a r y - l a y e r  s tud ies  (Refs.  8, 
9, and 10) a r e  not as  numerous .  

! ! 

The l a r g e  continuous h y p e r s o n i c  wind tunnels  at the yon K a r m a n  
Gas Dynamics  F a c i l i t y  (VKF), AEDC, produce r e l a t i v e l y  thick ( f rom 
4 to 11 in. ) tu rbu len t  boundary  l a y e r s  that  a r e  ideal  for  e x p e r i m e n t a l  
s tudy.  Pi tot  p r e s s u r e  and total  t e m p e r a t u r e  s u r v e y s  of the t e s t  s ec t ion  
boundary  l a y e r s  were  made  in the 50-in.  -d iam Gas Dynamic  Wind 
Tunnels ,  H y p e r s o n i c  (B) and (C). These  s u r v e y s  were  obtained fo r  nom-  
inal  t e s t  s ec t ion  Mach number s  of 6, 8, and 10 and f r e e - s t r e a m  unit  
Reynolds  n u m b e r s  r ang ing  f r o m  0.32 x 106 to 3.91 x 106 ft -1. 

SECTION II 
APPARATUS 

2.1 WIND TUNNELS 

Tunnels  B and C (Fig.  1, Appendix I) a r e  continuous,  c losed-  
c i rcu i t ,  v a r i a b l e  dens i ty  wind tunnels  with a x i s y m m e t r i c ,  w a t e r - c o o l e d  
contoured nozz les  and 50-in.  -d i am t e s t  sec t ions .  I n t e r changeab le  
t h roa t  sec t ions  p e r m i t  opera t ion  of Tunnel  B at nomina l  Mach n u m b e r s  
of 6 and 8 and Tunnel  C at nomina l  Mach n u m b e r s  of 10 and 12. Bas i c  
tunnel  d imens ions  r e l e v a n t  to the nozzle  contours  a r e  p r e s e n t e d  in 
Fig.  2. 

The t e s t s  were  conducted over  the fol lowing tunnel  s t i l l i ng  c h a m b e r  
p r e s s u r e  r a n g e s :  
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Tunne l  M a c h  N u m b e r  Po Range ,  p s i a  

B 6 50 to 300 
B 8 100 to 800 
C 10 200 to  1 ,800 

S t i l l ing  c h a m b e r  t e m p e r a t u r e s  up to '1360°R w e r e  p r o v i d e d  in T u n n e l  B 
by a n a t u r a l - g a s - f i r e d  c o m b u s t i o n  h e a t e r .  Tunne l  C s t i l l i n g  c h a m b e r  
t e m p e r a t u r e s  up to 1970°R w e r e  p r o v i d e d  by  an  e l e c t r i c  r e s i s t a n c e  
h e a t e r  in  con junc t i on  wi th  the  g a s - f i r e d  h e a t e r .  T h e s e  s t i l l i n g  c h a m b e r  
t e m p e r a t u r e s  a r e  s u f f i c i e n t  to  p r e v e n t  l i q u e f a c t i o n  of the  a i r  as  i t  i s  
expanded  to  t e s t  s e c t i o n  cond i t i ons .  Addi t iona l  i n f o r m a t i o n  on the  de -  
s i g n  and o p e r a t i o n  of T u n n e l s  B and C is  a v a i l a b l e  in  Ref.  11. 

2.2 TEST EQUIPMENT 

The b o u n d a r y - l a y e r  p robe  l o c a t i o n  in  the  wind t u n n e l s  i s  shown  in  
F ig .  2, and the  p robe  g e o m e t r y  is  shown in  F ig .  3. The  c o m b i n a t i o n  
p i to t  p r e s s u r e  and t o t a l  t e m p e r a t u r e  p robe  was  t r a v e r s e d  in  a d i r e c t i o n  
n o r m a l  to the  t unne l  c e n t e r l i n e .  The  s lope  of the  t unne l  wa l l  r e l a t i v e  
to  the  tunne l  c e n t e r l i n e  was  l e s s  t han  0 . 5  deg at  the  s u r v e y  s t a t i o n ,  and 
the  a s s o c i a t e d  e r r o r  in  p robe  he igh t  was  n e g l e c t e d .  Also ,  as  no ted  in  
F ig .  3, the  to ta l  t e m p e r a t u r e  p robe  was  l o c a t e d  in  the  t unne l  v e r t i c a l  
p lane  of s y m m e t r y ,  w h e r e a s  the  p i to t  p robe  was  l o c a t e d  0 . 8  in. to the  
s ide .  The  e r r o r  in  p i to t  p robe  l o c a t i o n  p r o d u c e d  by a s s u m i n g  equa l  y 
v a l u e s  f o r  both  m e a s u r e m e n t s  was  l e s s  t han  0 .02  in.  and was  n e g l e c t e d  
b e c a u s e  the  e s t i m a t e d  p r o b e  p o s i t i o n i n g  p r e c i s i o n  i s  +0 .05  in. 

P r o b e  p r e s s u r e  was  m e a s u r e d  wi th  a 1 5 - p s i d  t r a n s d u c e r  which ,  
f r o m  r e p e a t  c a l i b r a t i o n s ,  i s  e s t i m a t e d  to have  been  p r e c i s e  w i th in  
+0. 003 p s i a  o r  0 . 5  p e r c e n t ,  w h i c h e v e r  was  g r e a t e r .  A C h r o m e l  e -  
A l u m e l  ® t h e r m o c o u p l e  was  u s e d  in  the  d o u b l e - s h i e l d e d ,  ven t ed ,  t o t a l  
t e m p e r a t u r e  p robe .  C a l i b r a t i o n s  of t y p i c a l  t h e r m o c o u p l e s  have  shown 
the  i n d i c a t e d  t e m p e r a t u r e s  to  be  a c c u r a t e  w i th in  +2°R or  0 . 5  p e r c e n t ,  
w h i c h e v e r  i s  g r e a t e r .  O p e r a t i o n  of the  p robe ,  h o w e v e r ,  i n d i c a t e d  to t a l  
t e m p e r a t u r e s  as m u c h  as  10 p e r c e n t  l o w e r  t h a n  T o fo r  p robe  r e a d i n g s  
t a k e n  in  the  f r e e - s t r e a m  at the  l o w e s t  tunne l  R e y n o l d s  n u m b e r s .  T h e s e  
e r r o r s  a r e  a t t r i b u t e d  p r i m a r i l y  to p robe  i n t e r n a l  v i s c o u s  l o s s e s  and 
s e c o n d a r i l y  to conduc t ion  and r a d i a t i o n  l o s s e s  (Ref.  12). 
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SECTIOH III 
PROCEDURE 

B o u n d a r y - l a y e r  m e a s u r e m e n t s  a r e  n o r m a l l y  l i m i t e d  to  p i to t  p r e s s -  
u r e  and to t a l  t e m p e r a t u r e  s u r v e y s .  S e v e r a l  a s s u m p t i o n s  a r e  r e q u i r e d  
to r e d u c e  t h e s e  m e a s u r e m e n t s  to the  b o u n d a r y - l a y e r  p a r a m e t e r s  5'~ and 
e. B o u n d a r y - l a y e r  p i to t  p r e s s u r e s  can  be c o n v e r t e d  to Mach  n u m b e r s  
by a s s u m i n g  a knowledge of the  l o c a l  s t a t i c  p r e s s u r e  and a p p l i c a t i o n  of 
the  R a y l e i g h  p i to t  f o r m u l a .  The  f r e e - s t r e a m  s t a t i c  p r e s s u r e  ( c a l c u l a t e d  
f r o m  the  edge  Mach  n u m b e r  and s t i l l i n g  c h a m b e r  p r e s s u r e )  i s  g e n e r a l l y  
a s s u m e d  c o n s t a n t  a c r o s s  the  b o u n d a r y  l a y e r  and was  the p r o c e d u r e  u s e d  
h e r e i n .  T h i s  a s s u m p t i o n  shou ld  be v i e w e d  in l i g h t  of the  f ac t  tha t  s o m e  
s t a t i c  p r e s s u r e  g r a d i e n t  t h r o u g h  the  b o u n d a r y  l a y e r  (up to 10 p e r c e n t )  
i s  e x p e c t e d  b e c a u s e  the n o z z l e  f low i s  not c o m p l e t e l y  expanded  ( that  i s ,  
c o m p l e t e l y  p a r a l l e l )  at  the  b o u n d a r y - l a y e r  s u r v e y  s t a t i on .  U n f o r t u n a t e l y ,  
m e a s u r e d  wal l  s t a t i c  p r e s s u r e s  w e r e  i n c o n c l u s i v e .  

B o u n d a r y - l a y e r  edge ( f r e e - s t r e a m )  cond i t ions  in  Tunne l  B w e r e  
c a l c u l a t e d  a s s u m i n g  a p e r f e c t  ga s  i s e n t r o p i c  e x p a n s i o n  f r o m  the  s t i l l i n g  
c h a m b e r .  B e c a u s e  of h i g h e r  s t a g n a t i o n  p r e s s u r e s  and t e m p e r a t u r e s ,  
the  T unne l  C b o u n d a r y - l a y e r  edge cond i t ions  w e r e  c a l c u l a t e d  a s s u m i n g  a 
r e a l  ga s  i s e n t r o p i c  e x p a n s i o n  u s i n g  the  B e a t t i e - B r i d g e m a n  equa t ion  of 
s t a t e  and p r o c e d u r e s  d e s c r i b e d  in Ref .  13. 

It i s  po in ted  out in Ref .  8 tha t  the conven t iona l  m e t h o d  of d e f i n i n g  5 
(i. e . ,  y w h e r e  U/Ue = 0 .99)  i s  i l l  s u i t e d  fo r  h y p e r s o n i c  b o u n d a r y  l a y e r s  
b e c a u s e  the  v e l o c i t y  is  g r e a t e r  than  0 . 9 9  u e ove r  a s i z a b l e  p o r t i o n  of the  
b o u n d a r y  l a y e r .  Tha t  i s ,  f o r  0 . 9 9  Ue, the  p i to t  p r e s s u r e  r a n g e s  f r o m  
0 .96  to 0 .95  PPe fo r  M e = 6 to 10, r e s p e c t i v e l y .  In add i t ion ,  ,pitot p r e s -  
s u r e  p r o f i l e s  w e r e  sub jec t  to i n v i s c i d  f low n o n u n i f o r m i t i e s  as  we l l  a s  v i s -  
cous  e f f ec t s  and,  t h e r e f o r e ,  m a y  b ia s  the  d e t e r m i n a t i o n  of 5. F o r  the  
p r e s e n t  work ,  the  to t a l  t e m p e r a t u r e  p r o f i l e s  w e r e  u s e d  to  def ine  5 (i. e . ,  
a l o s s  in  t o t a l  t e m p e r a t u r e  was  a t t r i b u t e d  s o l e l y  to v i s c o u s  e f f ec t s ) .  
The  b o u n d a r y - l a y e r  t h i c k n e s s  was  c h o s e n  as  the  y va lue  w h e r e  
T p / T p e  = 0. 995. In the  h y p e r s o n i c  l i m i t  (Ref. 10), when  the  Mach  n u m -  
b e r  b e c o m e s  in f in i t e  in the  o u t e r  p o r t i o n  of the  b o u n d a r y  l a y e r ,  the  
t o t a l  t e m p e r a t u r e  can  be r e l a t e d  to  the  v e l o c i t y  by  n e g l e c t i n g  the  s t a t i c  
t e m p e r a t u r e  t e r m  in the  e n e r g y  equa t ion .  N o n d i m e n s i o n a l i z i n g  b y  
b o u n d a r y - l a y e r  edge cond i t i ons  g ives  

Tp e = f o r y  -* 8 ( I )  

The s e l e c t i o n  of 5 at  T p / T p e  = 0. 995 t h e n  c o r r e s p o n d s  to a v e l o c i t y  
r a t i o  ( f rom Eq.  (1)) of about  0. 998. 

3 



AEDC.TR-69-118 

The b a s i c  to ta l  t e m p e r a t u r e  and p i to t  p r e s s u r e  m e a s u r e m e n t s  a r e  
p r e s e n t e d  (in p lo t ted  f o r m )  in  F i g s .  I I-1 and I I -2 ,  r e s p e c t i v e l y  (Appen-  
d ix  II). The  v a l u e s  s e l e c t e d  fo r  5 a r e  i n d i c a t e d  on the  to t a l  t e m p e r a t u r e  
p r o f i l e s  (Fig .  H-1)  and a r e  a l so  shown f o r  c o m p a r i s o n  on the pi to t  
p r e s s u r e  p r o f i l e s  (F ig .  I I -2) .  Note ,  as  d i s c u s s e d  in  Sec t ion  2 . 2 ,  t ha t  
f o r  s o m e  t e s t  cond i t ions  the  to ta l  t e m p e r a t u r e  p robe  did not a g r e e  wi th  
the  s t i l l i n g  c h a m b e r  t e m p e r a t u r e  ( T p e / T  o % 1) when  in  the  f r e e  s t r e a m .  
In t h e s e  c a s e s ,  the  va lue  of Tpe was  a d j u s t e d  to a g r e e  wi th  T o, and a l l  
b o u n d a r y - l a y e r  t e m p e r a t u r e  m e a s u r e m e n t s  w e r e  s i m i l a r l y  a d j u s t e d  
(mul t ip l i ed )  by  the e x p e r i m e n t a l  r a t i o ,  T o / T p e .  

A s s u m i n g  a t h e r m a l l y  p e r f e c t  ga s  (i. e . ,  p = pRT) ,  the  b o u n d a r y -  
l a y e r  v e l o c i t i e s  w e r e  c a l c u l a t e d  by the  equa t ion  

u = M @RT (2) 

w h e r e :  M was  c a l c u l a t e d  as  p r e v i o u s l y  d e s c r i b e d  

T -- Tp (3) 

and y = 1.4 

C o m b i n i n g  Eq.  (2) wi th  the  p e r f e c t  ga s  equa t ion  of s t a t e  y i e l d s  the  
l o c a l  m a s s  f low 

w h e r e  p i s  a s s u m e d  equa l  to  Pe (i. e . ,  (dp/dy)  = 0). 

The  d i s p l a c e m e n t  t h i c k n e s s  fo r  a , t w o - d i m e n s i o n a l  b o u n d a r y  l a y e r  
i s  de f ined  by 

s 

The  c o r r e s p o n d i n g  equa t ion  fo r  an ax i sym_met r i c  b o u n d a r y  l a y e r  can  be 
shown,  by  c o n s i d e r i n g  the g e o m e t e r y  of the  s k e t c h  below,  to be 

~ ( r - a )  2 

4 



AEDC.TR-69-118 

where  

dA ffi 2.(r - y) dy 

5 ~ ~ i s  o f  Symmetry  

Subst i tut ing fo r  dA and reducing  Eq. (6) gives  

(7) 

Simi la r ly ,  the a x i s y m m e t r i c  equation for  the b o u n d a r y - l a y e r  m o m e n t u m  
th ickness  is 

(8) 

The values  of 5"  and 0 fo r  the p r e sen t  t e s t s  were  obtained a f t e r  a n u m e r i -  
cal in tegra t ion  of the r igh t -hand  s ides  of Eqs .  (7) and (8). A s u m m a r y  
of these  b o u n d a r y - l a y e r  c h a r a c t e r i s t i c s ,  as well as the t es t  condit ions,  
is given in Table H-1,  Appendix II. 

SECTION IV 
RESULTS AND DISCUSSION 

Nondimensional  ve loci ty  p rof i l es  fo r  Mach n u m b e r s  6, 8, and 10 at 
Reynolds n u m b e r s  r e p r e s e n t a t i v e  of the r ange  covered  a re  p r e sen t ed  in 
Fig.  4. The prof i l es  exhibit  the typical  turbulent  "ful l"  shape,  and an 
exponential  prof i le  with n = 9 is shown fo r  c o m p a r i s o n  pu rposes .  The 
veloci ty  prof i le  index (n) fo r  each su rvey  was evalua ted  f r o m  the slope 
of u / u  e v e r s u s  y /5  plotted on log- log  paper .  These  e x p e r i m e n t a l l y  

5 
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d e t e r m i n e d  v a l u e s  of n a r e  shown  in Fig.  5 .  A f r e e - s t r e a m  R e y n o l d s  
n u m b e r ,  b a s e d  on the  n o z z l e  l e n g t h  to the  s u r v e y  point ,  was  c h o s e n  f o r  
the  a b s c i s s a ,  and it is o b s e r v e d  that  e s s e n t i a l l y  no Mach  n u m b e r  t r e n d  
e x i s t s .  A de f in i t e  t r e n d  of i n c r e a s i n g  n wi th  R e y n o l d s  n u m b e r  is  ob-  
s e r v e d ,  and c o n s i d e r i n g  the  p r e c i s i o n  of n (about +0 .5) ,  the  c o r r e l a t i o n  
is qu i te  good f o r  the  l i m i t e d  r a n g e  of the  p r e s e n t  s tudy.  

To ta l  t e m p e r a t u r e  m e a s u r e m e n t s  s e l e c t e d  f r o m  data  at e a c h  Mach  
n u m b e r  (Fig.  6) a r e  c o m p a r e d  wi th  p r e d i c t i o n s  r e l a t i n g  the  to ta l  t e m -  
p e r a t u r e  to the  v e l o c i t y .  The  d e p a r t u r e  of t u r b u l e n t  b o u n d a r y - l a y e r  
to ta l  t e m p e r a t u r e  p r o f i l e s  f r o m  the  C r o c c o  r e l a t i o n  ( P r  = 1) is  d i s c u s s e d  
in Refs .  3 and 10. The  p r e s e n t  da ta  w e r e  found to  l i e  b e t w e e n  the  
(U]Ue)2 c u r v e  and the  " h y p e r s o n i c  l i m i t "  wh ich  was  d i s c u s s e d  in Sec t ion  
HI. Of c o u r s e ,  t h e s e  e x p r e s s i o n s  cannot  be  e x p e c t e d  to  be v a l i d  n e a r  
the  wal l  w h e r e  h e a t - t r a n s f e r  e f f ec t s  a r e  s t r o n g  (Ref. 3). 

The  v a r i a t i o n s  of the  b o u n d a r y - l a y e r  t h i c k n e s s e s  (5, 5~:, and 0) 
wi th  f r e e - s t r e a m  unit  R e y n o l d s  n u m b e r  a r e  p r e s e n t e d  in Fig.  7. C o m -  
p a r i s o n  of the  5"  v a l u e s  wi th  the  p r e d i c t i o n s  of S ive l l s  (Ref. 3) a r e  g e n -  
e r a l l y  wi th in  10 p e r c e n t .  

A s u m m a r y  of the  b o u n d a r y - l a y e r  m e a s u r e m e n t s  in t e r m s  of H is  
shown  in Fig.  8. It is s i g n i f i c a n t  to no te  that  no t r e n d  wi th  e i t h e r  Mach  
n u m b e r  or  f r e e - s t r e a m  uni t  R e y n o l d s  n u m b e r  was  found.  Th i s  r e s u l t  
was  p r e d i c t e d  by S ive l l s  (Ref. 3); h o w e v e r ,  t h e p r e d i c t e d  m a g n i t u d e  of 
H is a p p r o x i m a t e l y  30 p e r c e n t  high.  

SECTION V 
CONCLUSIONS 

Pi to t  p r e s s u r e  and to ta l  t e m p e r a t u r e  d i s t r i b u t i o n s  w e r e  m e a s u r e d  
in the  t unne l  wal l  b o u n d a r y  l a y e r s  in the  VKF 5 0 - i n . - d i a m  h y p e r s o n i c  
wind t u n n e l s  at f r e e - s t r e a m  Mach n u m b e r s  6, 8, and 10 and f r e e - s t r e a m  
uni t  R e y n o l d s  n u m b e r s  f r o m  0 .32  x 106 to 3 .91  x 106 p e r  foot.  Wi th in  , 
the  l i m i t s  of t h e s e  t e s t  cond i t i ons ,  the  r e s u l t s  w e r e  as fo l lows :  

. The  b o u n d a r y  l a y e r s  w e r e  fu l ly  t u rbu l en t .  The  v e l o c i t y  p r o f i l e  
i ndex  (n) v a r i e d  f r o m  6 to  10 a n d  was  found to  be d e p e n d e n t  on 
f r e e - s t r e a m  R e y n o l d s  n u m b e r ,  but e s s e n t i a l l y  i n d e p e n d e n t  of 
f r e e - s t r e a m  Mach  n u m b e r .  

. The r a t i o  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  t h i c k n e s s  to  m o m e n -  
t u m  t h i c k n e s s  (H or  f o r m  fac to r )  was  e s s e n t i a l l y  i n d e p e n d e n t  of 
f r e e - s t r e a m  Mach  n u m b e r  and f r e e - s t r e a m  R e y n o l d s  n u m b e r .  
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TEST SECTION 7 
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TRANSITION 7 \ \ WATER / / \ r-FAIRING/ / 
SECTION / \ \FLOW / / \ \DOOR / / . 
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OPERATI ON-It II U " , , i A I [ ~ " 1 \  SYSTEM 

, ~ R  II II II I =11  ~, , ~ IIC ~- MODEL COOLING !1 

TEST SECTION TANK 

a. Tunnel Assembly 

WINDOWS FOR MODEL INSPECTION-- 
OR PHOTOGRAPHY 

WINDOWS FOR SHADOWGRA 
SCHLIEREN PHOTOGRAPHY 

AIR DUCTS TO COOL 
MODEL FOR HEAT- 
TRANSFER TESTS OR 
QUICK MODEL CHANGE 

NOZZLE 

.PRESSURE TRANSDUCERS 
AND VALVES 

TANK ENTRANCE DOOR 
FOR MODEL INSTALLATION 
OR INSPECTION MODEL INJECTION AND 

PITCH MECHANISM 

b. Tunnel Test Section 
Fig. 1 VKF Wind Tunnels B and C 
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3 . 6  

I 
I I 

I 
I 
, f  

~ Tunnel Vertical 
Plane of Symmetry 

L--Double-Shleld Thermocouple Probe 
Outer Shield, 0.~87 Diam, 0.010 Wall 
Inner Shield, 0.I00 Diam, 0.005 Wall 
Chromel-Alumel Thermocouple Located 0.35 from Tip 

~-0.6 
Diam 

P i t o t  P r e s s u r e  P r o b e  
0 . 0 9 3  Diem, 0 . 0 1 5  W a l l  _~0.8  

i0 

All Dimensions in Inches 

Fig. 3 Boundary-Layer Probe Details 
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Fig. 5 Velocity Profile Index (n) Variation with Reynolds Number 
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Fig. 6 Correlation of Total Temperature Measurements 
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