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w e r e  conducted f rom S e p t e m b e r  20, 1965, to J a n u a r y  27, 1966, under  
ARC) P r o j e c t  No. VT0510, and the m a n u s c r i p t  was submi t ted  for  publ ica-  
t ion on M a r c h  24, 1966. 

This  t echnica l  r e p o r t  has been rev iewed  and is approved.  

Donald E. Beitsch Jean A. Jack 
Major, USAF Colonel, USAF 
AF Representative, VKF DCS/Test 
DCS/Test 
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ABSTRACT 

An e x p e r i m e n t a l  s tudy  was  c o n d u c t e d  to ob ta in  b o u n d a r y - l a y e r  
pitot  p r e s s u r e  p ro f i l e  da ta  on a s h a r p  and a b lunt  l e ad ing  edge  r e c -  
t a n g u l a r  p la te  and a s h a r p  l e a d i n g  edge  de l t a  wing  at Mach  6, 8, and 
10. E f f ec t s  of Reyno lds  n u m b e r ,  ang le  of a t t ack ,  and m a s s  i n j e c t i o n  
w e r e  s t u d i e d .  S e l e c t e d  r e s u l t s  a r e  p r e s e n t e d  to i l l u s t r a t e  the  e f fec t  
of a i r  i n j e c t i o n  upon the  s h a r p  r e c t a n g u l a r  p la te  b o u n d a r y  l a y e r  at 
M a c h  8 and z e r o  angle  of a t t a c k .  

iii 
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NOMENCLATURE 

M. 

Po 

po 
Ptp 

Pw 

p® 

Re= 

To 

T w 

x 

Y 

Z 

Free-stream Mach number 

Stagnation pressure, psia 

Total pressure behind a normal shock, psia 

Probe total pressure, psia 

Model surface pressure, psia 

Free-stream static pressure, psia 

Free-stream unit Reynolds number, in.-I 

Stagnation temperature, °R 

Model surface temperature, °R 

Longitudinal distance along model surface, in. 

Vertical distance above model surface, in. 

Lateral distance along model surface, in. 

vi 
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SECTION I 
INTRODUCTION 

Pitot and surface pressure and surface temperature measurements 
were made on a flat rectangular plate and a flat delta plate at Math 
numbers of 6, 8, and I0. The tests were performed in the 50-in. hyper- 
sonic tunnels (Gas Dynamic Wind Tunnels, Hypersonic (B) and (C)). 
The objective of the.tests was to obtain boundary-layer pitot pressure 
profile data to help verify an analytical method under development by 
The Boeing Company for predicting minimum critical Reynolds number 
(below which boundary-layer transition cannot occur) in hypersonic flow. 

To supply comparison data for use in the analytical method, small 
amounts of air were injected into the boundary layer to produce very 
small magnitude artificial disturbances. Boundary-layer pitot pressure 
profile data, measured near the downstream end of the plate, were used 
to determine the extent to which the boundary layer was disturbed. Some 
other parameters which were studied were the effects of free-stream 
Reynolds number and angle of attack. 

SECTION II 

APPARATUS 

2.1 WIND TUNNELS 

Tunnels B and C are axisymmetric, continuous flow, variable 
density wind tunnels with 50-in. -diam test sections (Fig. 1 and Ref. i). 
Tunnel B has interchangeable throat sections which produce nominal 
Mach numbers of 6 and 8. The tunnel operates at stagnation pressures 
from 20 to 300 psia at Mach 6 and from 50 to 900 psia at Mach 8. Stag- 
nation temperatures up to 1350°R are utilized to prevent liquefaction of 
the air in the test section. 

Tunnel C operates at a nominal Mach number of i0 at stagnation 
pressures from 200 to 1800 psia. Stagnation temperatures up to 1900°R 
are utilized to prevent air liquefaction. 

2.2 MODELS 

The m o d e l s ,  f u r n i s h e d  by The  Boe ing  Company ,  c o n s i s t e d  of two 
f la t  s t a i n l e s s  s t e e l  p l a t e s  (F ig .  2), one r e c t a n g u l a r  in s h a p e  (20 x 28 in. ) 
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and the  o t h e r  de l t a  in s h a p e  (34 in. long).  The  r e c t a n g u l a r  m o d e l  had 
i n t e r c h a n g e a b l e  l e ad ing  edges  of 0. 002- and 0 . 2 5 - i n .  d i a m e t e r ,  w h e r e a s  
the  de l t a  m o d e l  had f ixed 0. 002- in .  - d i a m  l e a d i n g  e d g e s .  The  i n s t r u -  
m e n t e d  s u r f a c e s  of the  m o d e l s  w e r e  1 / 4 - i n .  s t a i n l e s s  s t e e l  p l a t e s .  Both  
m o d e l s  w e r e  i n s t r u m e n t e d  wi th  s u r f a c e  p r e s s u r e  taps  and t h e r m o c o u p l e s  
and w e r e  s t ing  m o u n t e d  in the  t u n n e l s .  The  C h r o m e l ® - A l u m e l  ® t h e r m o -  
coup le s  w e r e  t ack  w e l d e d  to the  back of the  1 / 4 - i n .  s u r f a c e  p la te .  P o r t s  
for  a i r  i n j e c t i o n  w e r e  l o c a t e d  at s e v e r a l  p l a c e s  a long the  c e n t e r l i n e  of 
both m o d e l s  to a r t i f i c i a l l y  d i s t u r b  the  b o u n d a r y  l a y e r .  

2.3 SURVEY PROBE 

The pi tot  s u r v e y  p r o b e  was capab le  of t r a v e r s i n g  in the  x0 y, and z 
p l an e s .  The  o u t e r  d i a m e t e r  of the p robe  t ip u s e d  d u r i n g  the  s u r v e y s  
was  0 .032  in. 

A foul ing  l ight  was u s e d  to i n d i c a t e  con tac t  b e t w e e n  p r o b e  and m o d e l  
s u r f a c e  for  d e t e r m i n i n g  the  "y"  z e r o .  The  "y"  z e r o  was r e p e a t a b l e  
wi th in  0 .002  in. 

2.4 INSTRUMENTATION 

Model  s u r f a c e  p r e s s u r e s  w e r e  m e a s u r e d  in Tunne l  B with 15 -ps id  
t r a n s d u c e r s ,  w h e r e a s  in Tunne l  C, 1- and 15 -ps id  t r a n s d u c e r s  w e r e  
s w i t c h e d  in and out of the  s y s t e m  a u t o m a t i c a l l y  to a l low m e a s u r i n g  to 
b e t t e r  p r e c i s i o n .  The  e s t i m a t e d  p r e c i s i o n  of the  Tunne l  B m e a s u r e -  
m e n t s  is +0. 003 p s i a  or  1 p e r c e n t ,  and in Tunne l  C is +0. 001 p s i a  o r  
1 p e r c e n t ,  w h i c h e v e r  is l a r g e r .  

The  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 5 - p s i d  t r a n s d u c e r ,  u s ing  
a v a r i a b l e  r e f e r e n c e  p r e s s u r e ,  which  a l l owed  m e a s u r e m e n t s  wi th in  a 
p r e c i s i o n  of +0. 002 ps i a  o r  1 p e r c e n t ,  w h i c h e v e r  is l a r g e r .  

The  r e f e r e n c e  j unc t i on  of the  s u r f a c e  t e m p e r a t u r e  t h e r m o c o u p l e s  
was  m a i n t a i n e d  at 132°F. The  t e m p e r a t u r e  m e a s u r e m e n t s  a r e  e s t i m a t e d  
to be a c c u r a t e  wi th in  +2 deg.  

The  m a s s  flow for  the  i n j e c t i o n  p o r t s  was m e a s u r e d  u s ing  c a l i b r a t e d  
o r i f i c e s  in a f l o w m e t e r .  The  p r e s s u r e  u p s t r e a m  of the  o r i f i c e  and the  
d i f f e r e n t i a l  p r e s s u r e  a c r o s s  the  o r i f i c e  w e r e  m e a s u r e d  wi th  a 100- and 
a 5 0 - p s i d  FM t r a n s d u c e r ,  r e s p e c t i v e l y .  The  supply  a i r  to the  f l o w m e t e r  
was  m a i n t a i n e d  at r o o m  t e m p e r a t u r e .  B a s e d  upon c a l i b r a t i o n s  of the  
f l o w m e t e r  and u p s t r e a m - p r e s s u r e  t r a n s d u c e r ,  the  p r e c i s i o n  of the  m a s s  
flow m e a s u r e m e n t  is e s t i m a t e d  to be +5 p e r c e n t .  
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SECTION Ill 
PROCEDURE 

The  t e s t s  w e r e  c o n d u c t e d  at n o m i n a l  M a c h  n u m b e r s  of 6, 8, and 10 
at s t a g n a t i o n  p r e s s u r e s  of 20 to 285 ps i a ,  100 to 900 ps i a ,  and 600 to 
1800 ps i a ,  r e s p e c t i v e l y .  A c o m p l e t e  t a b u l a t i o n  of the  t e s t  cond i t i ons  
is g iven  in T a b l e  I. 

R e f e r e n c e s  2 and 3 w e r e  u s e d  to d e t e r m i n e  p r e l i m i n a r y  tunne l  and 
m o d e l  cond i t i ons  to e n s u r e  tha t  l a m i n a r  flow e x i s t e d  o v e r  the  m o d e l  fo r  
the  m a s s  i n j e c t i o n  t e s t s .  To v e r i f y  the  c o n d i t i o n  of the  f low, the  p r o b e  
was  t r a v e r s e d  a long  the  s u r f a c e  of the  m o d e l  in the  "x" d i r e c t i o n  and 
s topped  at s e l e c t e d  i n t e r v a l s  to m e a s u r e  p i t o t - p r o b e  p r e s s u r e .  

SECTION IV 
RESULTS AND DISCUSSION 

To ob ta in  c o m p a r i s o n  da ta  for  the  B o e i n g  a n a l y t i c a l  m e t h o d ,  it  was  
n e c e s s a r y  to ob ta in  pi tot  p r e s s u r e  p r o f i l e s  u n d e r  c o n d i t i o n s  of an 
a r t i f i c i a l  d i s t u r b a n c e .  The  u s e  of a i r  i n j e c t i o n  was  c h o s e n  in o r d e r  tha t  
the  m e t h o d  of d i s t u r b i n g  the  b o u n d a r y  l a y e r  cou ld  be c l o s e l y  c o n t r o l l e d  
and the  exac t  c o n d i t i o n s  cou ld  be u s e d  in the  a n a l y t i c a l  p r o g r a m .  

Da ta  w e r e  ob t a ined  for  two v a r i a t i o n s  in the  a i r  i n j e c t i o n  p r o c e d u r e .  
One was  to i n j e c t  a i r  at d i f f e r e n t  m a s s  flow r a t e s  f r o m  one l o c a t i o n  and 
m e a s u r 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  p r o f i l e s  at e a c h  m a s s  f low ra{e 
( F i g .  3). As shown  in the  f i gu re ,  the  l o w e r  m a s s  i n j e c t i o n  r a t e  
(10 x 10 -6 l b m - s e c  -1) had l i t t l e  o r  no e f fec t  on the  p r o f i l e  m e a s u r e d  
n e a r  the  r e a r  of the  s h a r p  r e c t a n g u l a r  p l a t e .  H o w e v e r ,  d e v i a t i o n s  did 
o c c u r  when  the  f low r a t e  was  i n c r e a s e d  to 20 x 10 -6 and 50 x 10 -6 lb m -  
s e c - 1 .  S u r f a c e  p r e s s u r e  and t e m p e r a t u r e  d i s t r i b u t i o n s  a r e  shown  at 
the  bo t t om of the  f i g u r e  to i l l u s t r a t e  t y p i c a l  l e v e l s  of t h e s e  da ta  r e -  
c o r d e d  at Mach  8. 

The  s e c o n d  v a r i a t i o n  (F ig .  4) was  to i n j e c t  at the  s a m e  m a s s  f low 
r a t e  f r o m  d i f f e r e n t  i n j e c t i o n  p o r t s .  As i l l u s t r a t e d  in F ig .  4, the  l o c a -  
t ion  of the i n j e c t i o n  po r t  has  l i t t l e  i n f l u e n c e  upon the  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  p r o f i l e  m e a s u r e d  at a s t a t i o n  n e a r  the  end of the  p l a t e .  
I n j e c t i n g  a i r  at a r a t e  of 6 .7  x 10 -6 l b m - s e c - 1  f r o m  p o r t s  l o c a t e d  2 and 
11 in.  aft of the  l e a d i n g  edge  had  no e f fec t  upon the  p r o f i l e ,  and i n j e c t i o n  
at a r a t e  of 14 x 10 -6 l b m - s e c - 1  f r o m  e i t h e r  p o r t  p r o d u c e d  about  the  
s a m e  e f fec t .  
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The  e f fec t  of unit  R e y n o l d s  n u m b e r  at Mach  8 on 'the s h a r p  r e c -  
t a n g u l a r  m o d e l  is shown  in F ig .  5. H e r e  the  t r e n d s  a r e  as expec t ed ,  
wi th  the  l o w e r  Reyno lds  n u m b e r  data ,  wh ich  was the  b a s e  cond i t i on  for  
the  two f i g u r e s  p r e v i o u s l y  d i s c u s s e d ,  showing  a l a m i n a r  p ro f i l e  and the  
h i g h e r  Reyno lds  n u m b e r  da ta  showing  that  t r a n s i t i o n  has  begun.  
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TEST SECTION - 7 
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\ QUARTZ WINDOWS-~ / / J.~,,,~Iu~/~c~~tmc;1"lUt~ 
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TRANSIT~ON~ \ \,ATER / / \:AIRIND/ I I rDI~USER SE~ION , 
SECTION / \ \FLOW / / \\\DOOR / I I / II 

TEST SECTION TANK 

FEET 

Tunnel Assembly 

WINDOWS FOR MODEL INSPECTION-- 
OR PHOTOGRAPHY 

WINDOWS FOE SHADOWGRAPH 
SCHLIEREN PHOTOGRAPHY 

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

NOZZLE 

--PRESSURE TRANSDUCERS 
, A ~  v ~ w s  

TANK ENTRANCE DOOR 
FOR MODEL INSTALLATION 
OR INSPECTION 

'MODEL INJECTION AND 
PITCH MECHANISM 

Tunnel Test Section 

Fig. 1 Wind Tunnels 
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13.0 
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a. Rectangular Model 

Fig. 2 Model Details 
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TABLE I 

TEST CONDITIONS 

N o m i n a l  M ach  6 

Unit R e y n o l d s ,  in. -1 x 10 -5 
Angle  of a t t ack ,  deg 
T r i p  l oca t i on ,  in. 
T r i p  m a s s  flow, l b m - s e c - 1  x 10 6 
P r o f i l e  l o c a t i o n s ,  in. 

Nominal Mach 8 

Unit Reynolds, in. -1 x 10 -5 
Angle of attack, deg 
Trip location, in. 
Trip mass flow, Ibm-sec -I x 106 
Profile locations, in. 

N o m i n a l  M ach  10 

Unit R e y n o l d s ,  in. -1 x 10 -5 
Angle of attack, deg 
Trip location, in. 
Trip mass flow, ibm-sec- 1 
Profile locations, in. 

x 106 

Model Configuration 

S h a r p  
R e c t a n g u l a r  

0 . 29  to 2 . 42  
-5 to  +15 

2 t o  7 
3 .6  to 15 .0  

6 to 24 

Blunt  
R e c t a n g u l a r  

0 . 29  to 4 . 25  
-5 to +15 

2 t o 7  
2 .5  to 73 .0  

6 to 24 

Delta 

0 . 6 0  to  4 . 25  
-5 to +15 
9 to 18 

3.0 
9to 33 

0.45 to 3.20 
-5 to +15 
2to I I  

6.7 to 50.0 
6 to 24 

0.45 to 3.20 
-5 to +15 
2to 5 

6.7 to 50.0 
6 to 24 

0 . 9 8  to  3 . 2 0  
-5 to  +10 

9 t o  18 
1 0 . 0 t o  2 0 . 0  

7 to  30 

1 .27  to 1 .80  
-5 to +10 

2 t o 7  
100 .0  

12 to 24 

0.68 to 1.80 
-~I0 

2to Ii 
60.0 

16 to 24 

0.68 to 1.80 
-5 to +I0 
9 to 23 
340.0 

4 to 30 

11 
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