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FQREWORD 

This document i s  Volume L of t h r e e  volumes repor t ing  an 
experimental  i n v e s t i g a t i o n  of t h e  two-dimensional i n t e r a c t i o n  
of an i n c i d e n t - r e f l e c t i n g  shock wave w i t h  a tu rbu len t  boundary 
layer  on a  cooled su r face .  

The t h r e e  volumes a r e :  

Volume 1: Test  Descr ip t ion  and Data Summary 
(CR-66841- 1) 

Volume 2: Basic P l o t t e d  Data (CR-66841-2) 

Volume 3: Tabulated Data (CR-66841- 3) 

This volume descr ibes  t h e  t e s t  apparatus  and procedure used 
dur ing  t e s t i n g ,  instrumentat ion c a l i b r a t i o n ,  and da ta  reduct ion.  
Nondimensional da ta  d e s c r i p t i v e  of t h e  flow i n  t h e  i n t e r a c t i o n  
region  a r e  presented i n  summary form. These da ta  include wal l  
pressure  d i s t r i b u t i o n s ,  shock-wave loca t ions ,  and nondimensional 
boundary-layer v e l o c i t y  and s t agna t ion  temperature p r o f i l e s .  

Volume 2 contains  t h e  p l o t t e d  da ta  obtained during conduct 
of the  test program and the  nondimensional da ta  t h a t  does not  
l o g i c a l l y  f i t  the  da ta  summary of Volume 1. 

Volume 3 conta ins  a l l  the  primary tabula ted  da ta  generated 
during t e s t i n g  and the  nondimensional d a t a  subsequently calcu-  
l a  t ed .  
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EXPERIWNTAL INVESTIGATION OF THE INTERACTION 

OF A P U N E ,  BIBLIQUE, PNGPDEHT-REFEECTENG SHOCK WAVE 

WITH A TURBULENT BO ARY LAYER ON A COOLED SURFACE 

Richard F. Kilburg and Donald R e  Kotansky 
F o r t  Worth Divis ion of General Dynamics 

A t e s t  was conducted t o  ob ta in  measurements of the  boundary 
l a y e r  t o t a l  temperature and v e l o c i t y  p r o f i l e s  i n  the  region of 
the  i n t e r a c t i o n  of a  two-dimensional, i nc iden t ,  r e f l e c t i n g ,  
obl ique  shock ws~re with the tu rbu len t  boundary l aye r  on a  cryo- 
g e n i c a l l y  cooled f l a t  p l a t e .  Data were taken a t  Mach numbers of 
2.0, 3 . 2  ,and 4.2 a t  u n i t  Reynolds numbers of from 6.4 t o  20 .2  
m i l l i o n  per  f o o t .  The r a t i o  of wa l l  su r face  t o  s t agna t ion  tem- 
p e r a t u r e  was 0 .3  f o r  most da ta .  Adiabat ic  da ta  were taken a t  a  
Mach number of  3 . 2 .  Inc iden t  shock s t r e n g t h  was va r i ed  by t e s t -  
ing  with shock genera tor  wedge angles  of 6O and 8O. Data pre-  
sented include the  p l a t e  sur face-pressure  d i s t r i b u t i o n ,  inc iden t  
and r e f l e c t e d  shock l o c a t i o n s ,  and the boundary l aye r  v e l o c i t y  
and s t agna t ion  emperatsure p r o f i l e s  . 

INTRODUCTION 

The performance of supersonic  and hypersonic a i r b r e a t h i n g  
propulsion systems i s  d e p e ~ ~ d e n t  t o  a  l a r g e  e x t e n t  on the design 
of the  a i r  induct ion  system. A s  the f l i g h t  Mach number inc reases ,  
the  aerodynamic design and the  r e s u l t i n g  performance of the i n l e t  
become p r imar i ly  a  funct ion  of the behavior of boundary l aye r s  i n  
adverse p ressu re  g rad ien t s  due t o  obl ique and normal shock i n t e r -  
a c t i o n s  and continuous compression f i e l d s .  I n l e t  system designs 
normally employ the  use of flow d i v e r t e r s  and bleeds t o  con t ro l  
the  growth of the  boundary l a y e r  on wetted su r faces .  These 
methods simply remove the boundary l aye r ,  or  the low-energy 
p o r t i o n  of the boundary l aye r ,  such t h a t  the  i n l e t  opera tes  i n  a 
f low f i e l d  l e s s  i n f  luenced by viscous flow e f f e c t s  . Improvements 



i n  i n l e t  performance achieved through the  use of these methods 
have more than o f f s e t  the drag and weight p e n a l t i e s  involved i n  
duct ing the  undesired mass flow overboard. 

A s  v e h i c l e  speeds inc rease ,  the  exposed i n l e t  su r faces  must 
be cooled i n  order  t o  maintain the s t r u c t u r a l  temperatures with-  
i n  design l i m i t s .  The hea t  t r a n s f e r  from the boundary l aye r  t o  
the  cooled w a l l s  r e s u l t s  i n  a  reduct ion  of the  t o t a l  temperature 
of the boundary l a y e r  f l u i d  and has a  s t a b i l i z i n g  e f f e c t  on the 
boundary l a y e r .  Although under these  condi t ions  the bleed flow 
may be r e l a t i v e l y  cool ,  the bleed ducts  may a l s o  r e q u i r e  cool ing.  
The a d d i t i o n a l  weight and complexity of a  bleed system, combined 
with i n l e t  su r face  cool ing,  reduces the d e s i r a b i l i t y  of bleed a s  
a means of boundary l aye r  c o n t r o l  with cool ing.  

I t  has been found experimental ly  (Reference 1)  t h a t  cool ing 
the boundary l a y e r  i n  an adverse p ressu re  g rad ien t  y i e l d s  a  con- 
s i d e r a b l e  improvement i n  boundary l a y e r  c h a r a c t e r i s  t i c s .  The 
cooled boundary Layer (1)  n e g o t i a t e s  higher  adverse pressure  
g rad ien t s  without  sepa ra t ion ,  and (2)  i s  th inner  and conta ins  a  
more d e s i r a b l e  Mach number d i s t r i b u t i o n  than the  uncooled bound- 
a r y  l a y e r .  Thus, cool ing the boundary l aye r  i s ,  i n  i t s e l f ,  a  
means of c o n t r o l .  Calcula t ion  of hypersonic i n l e t  performance 
by methods which proper ly  account f o r  these changes i n  boundary 
l a y e r  c h a r a c t e r i s  t i c s  with w a l l  cool ing ( f o r  example, the method 
of  Reference 2) would i n d i c a t e  t h a t  w a l l  cool ing w i l l  improve 
the  t o t a l  p ressu re  recovery.  

The above emphasizes the  importance of boundary l aye r  behav- 
i o r  i n  high Mach number i n l e t s .  The d e t a i l e d  c h a r a c t e r i s  t i c s  of 
the tu rbu len t  boundary l aye r  under r ep resen ta t ive  adverse condi- 
t i o n s  must be known i n  order  t o  p roper ly  design and a s s e s s  the 
performance of c u r r e n t  and f u t u r e  high-speed a i r  induct ion sys  - 
terns. Toward t h i s  end, the experimental  research  prQgram r e p o r t -  
ed here  was designed t o  provide d a t a  f o r  a  compressible tu rbu len t  
boundary l a y e r  on a f l a t  p l a t e  wi th  an obl ique shock wave i n t e r -  
a c t i o n ,  where the  h i s t o r y  of the boundary l a y e r  preceding the 
region of i n t e r a c t i o n  i s  con t ro l l ed  and wel l  def ined.  Data were 
t o  be acquired a t  s t a t i o n s  upstream of the  i n t e r a c t i o n , i n  the 
immediate region  of i n t e r a c t i o n ,  and we l l  downstream of the i n t e r -  
a c t i o n .  I m p l i c i t  i n  the program plan was the  independence of the 
c e s t  v a r i a b l e s :  Mach number, Reynolds number, shock-wave s t r e n g t h ,  
and h e a t  t r a n s f e r  a s  descr ibed by the r a t i o  of wa l l  su r face  t o  
s t agna t ion  temperature . 
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A nominal r a t i o  of wa l l  temperature t o  s t agna t ion  tempera- 
t u r e  of 0 .3  was achieved by pumping hiquid n i t rogen d i r e c t l y  
through the p la te - su r face  cool ing passages.  Four thermocouples 
a r e  i n s t a l l e d  i n  the  i n l e t  and o u t l e t  connections t o  the model. 
These thermocouples , with appropr ia te  re ference  junct ions ,  a r e  
connected t o  a s t r i p - c h a r t  recorder  through a switching arrange - 
ment s o  t h a t  i n l e t  and o u t l e t  coolant  temperature may be moni- 
tored .  Thus, an adequate amount of coo lan t  flow i s  assured .  

The lower su r face  of the f l a t  p l a t e  assembly i s  ground f l a t  
wi th in  0.005 inch over the 1 2 -  by 38-inch su r face .  A d e f l e c t i o n  
a n a l y s i s  and inspec t ion  of a t e s t  specimen under maximum i n t e r n a l  
s t a t i c  p ressu re  indica ted  t h a t  the waviness inc rease  due t o  
i n t e r n a l  p ressu re  during t e s t i n g  would n o t  be more than 0.001 
inch i n  a 3-inch length .  This i s  a r e s u l t  of the  c lose  spacing 
of  the p l a t e  supports  provided by the design.  

I c e  formation on the s i d e  wa l l  windows presented a t e s t i n g  
d i f f i c u l t y .  This  was, t o  some e x t e n t ,  prevented by keeping the 
s i d e  w a l l  temperature we l l  above the p l a t e  temperature. A 
passageway was provided be tween the cooled p l a t e  assembly and 
the s i d e  wa l l s .  The s i d e  wal l s  were i n s u l a t e d  from the p l a t e  i n  
t h i s  region by a 0.060- t o  0.080-inch-thick t e f l o n  s t r i p .  Hot 
(650 t o  7 0 0 ° ~ ) ,  dry n i t rogen flow through t h i s  passageway pro- 
vided the thermal i s o l a t i o n  needed t o  keep i c e  formation on the 
wa l l s  t o  an acceptable  l e v e l .  

The p l a t e  ins t rumenta t ion  c o n s i s t s  of SO s t a t i c  pressure  
o r i f i c e s  connected pneumatically t o  t ransducers  located on top 
of the  tunnel  t e s t  s e c t i o n  and 53 chromel-alumel thermocouple 
assemblies with r e fe rence  junct ions  i n  the i n l e t  coolant  l i n e  
a t  the top of the  t e s t  s e c t i o n .  A s i n g l e  chromel-alumel thermo- 
couple located among the reference  junct ions  was used with a 
re ference  thermocouple i n  a l i q u i d  n i t rogen bath t o  obta in  the 
reference  junct ion  temperature s o  t h a t  incremental  p l a t e  temper- 
a t u r e s  could be c o r r e l a t e d  t o  an absolu te  temperature reference .  

F i f t y - s i x  s t a t i c  pressure  taps  on the p l a t e  c e n t e r l i n e  a r e  
numbered s e r i a l l y  from 1 t o  56, s t a r t i n g  from the p l a t e  forward 
end. Four s t a t i c  pressure  taps ,  located 2 .925 inches o f f  c e n t e r -  
l i n e ,  l a t e r a l l y ,  a r e  numbered 57 t h r o u ~ h  60. The index 61 i s  
reserved f o r \ t h e  s t a t i c  pressure  read by the t r ave r s ing  probe. 
The 53 thermocouples a r e  numbered s e r i a l l y  from the  p l a t e  forward 
end. The p l a t e  instrumentat ion loca t ions  a r e  shown i n  Figure 3. 
Thermocouple and s t a t i c  tap  i n s t a l l a t i o n  d e t a i l s  a r e  shown i n  
Figure 4,  



Each pressure  tube i s  connected t o  a helium gas supply mani- 
fo ld  a s  w e l l  a s  t o  the  t ransducer .  The helium gas i s  allowed t o  
flow through the pressure  tube t o  the p l a t e  o r i f i c e  during the 
per iod between runs t o  prevent  formation of i c e  i n  the tubing due 
t o  moisture condensation. During t h e  run,  these  connections t o  
the  helium manifold a r e  closed with a  c o n t r o l  valve so t h a t  each 
p ressu re  tube and t ransducer  i s  i s o l a t e d  from a l l  o t h e r s .  With 
t h e  c o n t r o l  va lve  i n  the  open p o s i t i o n ,  helium gas i s  cont in-  
uously discharged through t h e  pressure  o r i f i c e  and provides a  
helium blanket  on t h e  p l a t e  su r face .  Helium i s  used f o r  t h i s  
purpose p r imar i ly  because the  p l a t e  su r face  i s  inver ted  (Figures  
1 and 2) ; the low-density helium then forms a  b lanket  over the 
instrumented su r face .  This sys  tem reduces the  i c e  forma t i o n  on 
the  p l a t e  and e f f e c t i v e l y  provides a n t i - i c i n g  f o r  the s t a t i c  
p ressu re  tubes.  

Measurements of s t agna t ion  p ressu re ,  s t agna t ion  temperature,  
and s t a t i c  p ressu re  i n  the boundary l aye r  axe made simultaneously 
wi th  a  multi-purpose probe. The s t agna t ion  p ressu re  and t o t a l  
temperature probes a r e  mounted ad jacen t  t o  e  ach o the r  a s  shown i n  
Figure 5. The s t a t i c  pressure  probe i s  displaced l a t e r a l l y  a  
d i s t ance  s u f f i c i e n , t  t o  a s su re  no i n t e r f e r e n c e  with the s t agna t ion  
probes.  

The probe i s  supported on a  v e r t i c a l  t r a v e r s e  mechanism 
supported by a  blade spanning the  s i d e  wa l l s  a t  the a f t  end of 
the  model. The v e r t i c a l  t r a v e r s e  mechanism d r i v e s  the probe a t  
a  se lec ted  cons tan t  v e l o c i t y  through a  maximum d i s t ance  of 1.0 
inch. A probe v e l o c i t y  of 0.06 inch pe r  second was se lec ted  
because i t  permits  completion of a l l  da ta  a c q u i s i t i o n  i n  the 
a v a i l a b l e  run time. The minimum d i s t ance  of c losure  with the  
p l a t e  su r face  i s  s e t  t o  0.015 inch t o  prevent  damage t o  the  
probe. The l o n g i t u d i n a l  p o s i t i o n  of the  probe i s  manually s e t  
p r i o r  t o  each run.  

The t o t a l  p ressu re  and s t a t i c  pressure  tubes a r e  connected 
pneumatically t o  d i f f e r e n t i a l  t ransducers  mounted i n  the  probe 
support .  The t o t a l  temperature thermocouple reference  i s  i n  the  
l i q u i d  n i t rogen  ba th  a t  the top of the t e s t  s e c t i o n .  

The t o t a l  temperature probe was e s p e c i a l l y  developed t o  
optimize the response c h a r a c t e r i s  t i c s .  The development i s  des - 
c r ibed  i n  Reference 3 .  Probe response and recovery f a c t o r  da ta  
a r e  presented i n  Appendix A .  



F a c i l i t y  Descript ion 

The General  Dynamics High Speed Wind Tunnel, located a t  San 
Diego, Gal-ifornia, is a 4- by 4-foot  pressure-dr iven  i n t e r m i t t e n t  
wind tunnel  which opera tes  over a Mach number range from approxi- 
mately 0.5 t o  5.0. The dura t ion  of s t a b l e  flow i n  the  t e s t  see -  
t i o n  is  from 30 t o  40 seconds, depending upon t e s t  Mach number. 

The experimental  program was run a t  Mach numbers of 2 . O ,  
3.2,and 4.2,with u n i t  Reynolds numbers ranging from 6 t o  20.5 
x 106 p e r  f o o t .  T e s t  s e c t i o n  temperature was maintained cons tan t  
(wi th in  + 5 '~)  during a run by a s to rage  h e a t e r .  Storage hea te r  
temperature va r i ed  from 530°R t o  575oR, depending on the £re-  
quency of  tunnel  opera t i o n  and ambient condi t ions .  

Data a c q u i s i t i o n ,  usi.ng i n s t a l l e d  high-speed da ta  handling 
and processing equipment, i s  l imi ted  t o  20 channels of high- 
l e v e l  and 120 channels of low-level s i g n a l s .  Low-level s i g n a l s  
come from sources such a s  t ransducers ,  s t ra in-gage  br idges ,  and 
r e l a t e d  balancing and condi t ioning  c i r c u i t r y .  Data channels a r e  
s e r i a l l y  s e l e c t e d ,  ampl i f ied ,  d i g i t i z e d ,  and t r ans fe r red  t o  
s to rage  wi th in  an IBM 1800 Computer System through high-speed 
e l e c t r o n i c  scanning equipment. The scan r a t e  and the number of 
channels p e r  scan a r e  normally p r e - s e t  but  may be a l t e r e d  during 
a run.  

Tes t  Conditions 

T e s t  v a r i a b l e s  were the f rees t ream Mach number, Mo; u n i t  
Reynolds number, RE/l; r a t i o  of p l a t e  temperature $a f r e e s  tream 
s tagna t ion  temperature,  T,/T~, ; wedge shock-genera t o r  conf igu-  
r a t i o n ,  Wkm, and the boundary l aye r  survey s t a t i o n ,  XP(n) , where 
n = 0, 1, o r  2 The wedge conf igura t ion  i s  denoted by i ts  long- 
i t u d i n a l  l o c a t i o n  p o s i t i o n  code, m, and the  incidence angle  code 
i n  the run p o s i t i o n ,  k.  The wedge angle  i s  determined by us ing  
a bubble-type cl inometer  with v e r n i e r  markings t o  1 minute of 
a r c .  The angle  i s  s e t  by a d j u s t i n g  the  s t o p  mechanism, with the  
hydraul ic  a c t u a t o r  holding the wedge i n  the  run p o s i t i o n .  The 
wedge incidence angle  is  then v e r i f i e d  a f t e r  a t  l e a s t  one cycle  
from the s t a r t  t o  the  run p o s i t i o n .  



The boundary l ayer  survey s t a t i o n s ,  X P ( ~ )  a r e  defined as 
follows : 

S t a t i o n  0.  XP(0) : A s t a t i o n  upstream of the shock i n t e r ac t i on  
region se lec ted  s o  t h a t  the c h a r a c t e r i s t i c s  of the boundary 
l ayer  approaching the  wave a r e  defined.  

S t a t i o n  1. XP(1): A s t a t i o n  i n  the  region of i n t e r a c t i o n  s e l e c t -  
ed a t  the po in t  of maximum p l a t e  surface  s t a t i c  pressure  o r  where 
the  r e f l e c t ed  shock wave leaves the  boundary l ayer ,  whichever is  
f a r t h e r  downstream. 

S t a t i o n  2 ,  XP(2) : A s t a t i o n  wel l  downstream of the i n t e r a c t i o n  
based on predic ted  wave p a t t e r n s ,  where the boundary layer  w i l l  
be unaffected by the  i n t e r s e c t i n g  expansion fan  from the a f t  end 
of the  wedge. 

The boundary l ayer  probe i s  posi t ioned long i tud ina l ly  t o  the 
s e l ec t ed  survey s t a t i o n  before each run. Measurements of the 
pos i t i on  loca t ion  a r e  made with a  ve rn ie r  c a l i p e r .  

Data were f i r s t  acquired with the  probe a t  S t a t i on  2 f o r  
each combination of Mach number, Reynolds number, and wedge 
angle.  Se lec t ion  of the  most a f t  probe pos i t ion ,  XP(2), was 
based on the predicted i n t e r s ec t i ons  of the oblique wave and 
the  expansion fan  with t h e  p l a t e  su r face  (Table I) . Pla t e  
s t a t i o n  36.00 was se lec ted  f o r  Mach numbers of 2.0 and 3.2, 
while s t a t i o n  33.00 was se lec ted  f o r  a  Mach number of 4.2. 

The p l a t e  s t a t i c  pressure  d i s t r i b u t i o n  and the sch l i e ren  
and shadowgraph photographs of shock loca t ion  provided s u f f i c i e n t  
da ta  from which t o  s e l e c t  XP(0) and XP(1). For most runs,  t he  
po in t  of maximum p l a t e  s t a t i c  pressure proved t o  be the se lec ted  
XP(1) locat ion .  

Sequence o f  Test ing Operations 

When model cooling i s  required,  a  t yp i ca l  run sequence i s  a s  
follows : 

. Model shrouds, a  probe p ro t ec t i ve  cover, and excessive i c e  
accumulations a r e  removed j u s t  p r i o r  t o  c los ing  the tunnel.  . The warm ni t rogen a n t i - i c i n g  flow i s  stopped and the  p l a t e  
temperature brought under con t ro l  by allowing some l iqu id  
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n i t rogen  through the  p l a t e  while monitoring i n l e t  and o u t l e t  
temperature . 
With the  da ta  system i n  the  manual mode, a i r - o f f  da ta  from 
a l l  s i g n a l  sources a r e  recorded. 
Data sys tem-con t ro l s  a r e  switched t o  run p o s i t i o n s  w i t h  
i n t e r f a c e  connections t o  the  computer system f o r  d a t a  
s to rage .  
The c o n t r o l  valve is  moved t o  the  run p o s i t i o n ,  s h u t t i n g  o f f  
the  helium flow through the s t a t i c  p ressu re  tubing. 
The maximum coolant  flow r a t e  i s  es t ab l i shed  an t i c&pa t ing  
wind tunnel  s t a r t i n g  wi th in  10 seconds.  
The wind tunnel  i s  s t a r t e d .  S tab le  flow i n  the t e s t  s e c t i o n  
is  normally indica ted  wi th in  5 seconds. 
The shock genera tor  i s  moved t o  the  run p o s i t i o n  while  wedge 
a c t i o n  i s  monitored on closed c i r c u i t  t e l e v i s i o n .  
Three consecut ive scans of a l l  da ta  channels a r e  made. 
The d a t a  system i s  changed t o  a  contintlous sampling mode. 
Only those channels e s s e n t i a l  t o  the  boundary l aye r  survey 
a r e  sampled- 
The probe d r ive  i s  ac tua ted  and the probe moved toward the  
p l a t e  su r face  from a  p rese lec ted  p o s i t i o n  away from the 
p l a t e .  The da ta  system i s  coupled with the  probe d r ive  
c o n t r o l s  s o  t h a t  d a t a  a r e  taken only while the  probe i s  i n  
motion. 
Sch l i e ren  and shadowgraph photos a r e  taken j u s t  p r i o r  t o  the  
completion of the  probe t r ave r se .  
Data sys  tem c o n t r o l s  a r e  switched back t o  manual and th ree  
consecut ive scans of a l l  da ta  channels a r e  again made. 
The probe is moved away from the p l a t e  su r face  and the 
tunnel  f low terminated. 
Coolant flow through the p l a t e  i s  reduced t o  the minimum 
amount t h a t  w i l l  maintain temperature c o n t r o l .  
The wedge i s  moved t o  the  s t a r t  p o s i t i o n  and f i n a l  a i r - o f f  
da ta  a r e  acquired.  
The c o n t r o l  valve is  moved t o  the o f f  p o s i t i o n ,  r e - e s t a b l i s h -  
ing  the  helium flow through the s t a t i c  pressure  tubes,  and 
h o t  n i t rogen  a n t i - i c i n g  i s  begun before the  t e s t  s e c t i o n  is  
opened. 

Although a c t u a l  run t ime i s  only 30 t o  40 seconds i n  dura- 
t i o n ,  3 t o  5 minutes a r e  requi red  f o r  the above sequence of  
opera t ions  t o  complete a  run. Steps 5, 15, and 17 a r e  omitted 
during t e s t  sequences which do n o t  r e q u i r e  model cool ing.  



Data Processing 

Measured p l a t e  s t a t i c  p ressu res  a r e  reduced t o  pressure  
c o e f f i c i e n t s ,  Cp, and the  p l a t e  temperature da ta  a r e  reduced t o  
r a t i o s  of w a l l  su r face  t o  f r e e s  tream t o t a l  temperature,  T,/Tto. 
These computations and the development of the  negat ives  of the  
shock wave photographs c o n s t i t u t e  the primary d a t a  reduct ion  
requirements f o r  each run.  

Boundary l a y e r  da ta  measured by the combination probe a r e  
reduced t o  a  s t a t i c  p ressu re  c o e f f i c i e n t  C P ~ ~ ;  probe t o t a l  temp- 
e r a t u r e  r a t i o ,  T t  ' / T ~ , ;  and the  probe s t agna t ion  p ressu re  r a t i o ,  
p t l  /pto. Local Mach number i s  computed from probe s t a t i c  
p ressu re  and probe s t agna t ion  p ressu re .  The Rayleigh p i t o t  
formula i s  used f o r  supersonic  Mach numbers ( P ~ ~ / P ~ '  5. .5283) 
and i s e n t r o p i c  r e l a t i o n s  f o r  subsonic Mach numbers (p61/Pt1 > 
.5283). These boundary l a y e r  d a t a  a r e  machine-plotted versus  
probe p o s i t i o n ,  Y. A l l  t e s t  v a r i a b l e s  a r e  tabula ted .  These p l o t s  
and t a b l e s  c o n s t i t u t e  the b a s i c  t e s t  da ta .  

Boundary l a y e r  th ickness ,  6 ,  and edge condi t ions  a r e  d e t e r -  
mined from a n a l y s i s  of the b a s i c  da ta  p l o t s .  The c r i t e r i o n  f o r  
s e l e c t i o n  of edge condi t ions  is  t h a t  the bas ic  v a r i a b l e  becomes 
i n v a r i a n t  with increas ing  d i s t a n c e  from the  p l a t e  su r face .  When 
Me i s  determined, the  boundary l a y e r  thickness  i s  defined a s  t h a t  
Y va lue  where M = 0.99 Me. Boundary l a y e r  edge condi t ions  a r e  
tabula ted  and t ransmi t ted  t o  the  wind tunnel  f o r  f i n a l  da ta  
reduct ion .  These d a t a ,  Pe, J&, Ttt0,and 6 , a r e  shown i n  Table 
11. F i n a l  da ta  reduct ion  produces the  non-dimensional v a r i a b l e s  
V / v e ,  T ~ ' / T ~ ' ~ ,  and ~ / 6 ,  which a r e  the f i n a l  p l o t t e d  d a t a .  A 
complete l i s t  of da ta  reduct ion  equat ions i s  given i n  Appendix B. 

RESULTS 

Data P resen ta t ion  

P l a t e  su r face  da ta  and shock-wave p a t t e r n s  i n  the  region of 
i n t e r a c t i o n  wi th  the  boundary l aye r  a r e  presented i n  Figures  6 
through 20. The d a t a  presented a r e :  

1. The measured p l a t e  s t a t i c  pressure  d i s t r i b u t i o n  presented 
a s  pressure  c o e f f i c i e n t s  compared with the pressure  i n -  
c rease  through the  double shock-wave p a t t e r n  computed 



from theory.  
2 .  The l o c a t i o n s  of the  i n c i d e n t  and r e f l e c t e d  shock waves 

a s  measured from shadowgraphs compared wi th  the wave 
Boca t i o n s  a s  determined from theory.  

3 .  The Mach number, M2, a s  measured and a s  computed from 
theory a t  survey s t a t i o n  2 (downstream of the  i n t e r -  
a c t i o n )  . 

4 .  The boundary l a y e r  thickness  from Table II. 
5 .  The shadowgraph o f  the  i n t e r a c t i o n  region .  

The t a b l e s  and c h a r t s  of Reference 4 were used t o  compute the 
theore t i c a l  wave p o s i t i o n s  and Mach numbers. 

I n  many of the  shadowgraphs, da ta  q u a l i t y  was degraded be- 
cause of i c e  accumulations on the window. This  occurred i n  
s p i t e  of  prevent ive  design e f f o r t s  and prevent ive measures taken 
during the  t e s t .  An extraneous,  r a t h e r  weatc wave sometimes 
appears  running d iagonal ly  ac ross  t h e  p i c t u r e .  This was d e t e r -  
mined t o  be a r e f l e c t e d  wave o r i g i n a t i n g a t  the p l a t e  leading 
edge. 

The s t a t i c  p ressu re  c o e f f i c i e n t s  obtained a t  o r i f  i c e s  loca-  
ted o f f  the  c e n t e r l i n e  a r e  shown. They a r e  n o t  found t o  be i n  
good agreement wi th  c e n t e r l i n e  d a t a ,  nor does the probe s t a t i c  
pressure  da ta  ag ree  exac t ly  with c e n t e r l i n e  d a t a .  I t  i s  t o  be 
noted,  however, t h a t  no s i z e a b l e  p ressu re  g r a d i e n t  i s  measured 
preceding the  i n t e r a c t i o n .  The reason f o r  t h i s  lack  of agree-  
ment i s  n o t  known. The accuracy of the c e n t e r l i n e  da ta  may 
the re fo re  be s u b j e c t  t o  ques t ion  due t o  the indica ted  l ack  of 
two-dimensional flow o f f  c e n t e r l i n e .  The p l a t e  su r face  temper- 
a t u r e  v a r i a t i o n  from an i so thermal  condi t ion  was i n s i g n i f i c a n t  
except  f o r  a  s h o r t  d i s t ance  downstream of the  uncooled leading 
edge. 

Boundary l a y e r  v e l o c i  t g  and temperature p r o f i l e s ,  normal- 
ized  t o  boundary l a y e r  edge cond i t ions ,  a r e  presented i n  Figures  
21 through 47. Data a r e  shown preceding the i n t e r a c t i o n  (Survey 
S t a t i o n  0 ) ,  i n  ttre region of i n t e r a c t i o n  (Survey S t a t i o n  I ) ,  
and downstream of the  i n t e r a c t i o n  (Survey S t a t i o n  2) . Complete 
sets of boundary l a y e r  d a t a '  a r e  presented only f o r  those runs 
where p l a t e  summary da ta  a r e  shown. An index t o  these da ta  and 
the  boundary l a y e r  edge condi t ions  i s  presented i n  Table 11. 



Data Accuracy 

The accuracy with  which q u a n t i t i e s  were  measured have been 
e s t ima ted  on t h e  b a s i s  of  c a l i b r a t i o n s ,  examination of inc re -  
menta l  changes i n  i n i t i a l  and f i n a l  a i r - o f f  d a t a ,  and t h e  types 
s f  in s t rumen t s  used f o r  chese measurements. The e r r o r  i n  any 
s i n g l e  d a t a  point cannot  be quoted.  The p robab l e  e r r o r  and the 
p o s s i b l e  e r r o r  i n  measured q u a n t i t i e s  a r e  a s  fo l lows:  

Measurement - Probable  E r r o r  P o s s i b l e  E r r o r  

p61 g ~ s i a )  4- 0.15 - + 1.0 Note (1)  

P I -68  (psis) - + 0.15 - + 0.15 Note ( 2 )  

9 "OR) - + 5 - 4- 5 Note (3) 

Y ( i n c h e s )  + 0.005 - - + 0.085 Note (4) 

Notes : (1) This  l a r g e  p o s s i b l e  e r r o r  is  based on a  s i g n i f i c a n t  
z e r o  s h i f t  wi th  p l a t e  coo l ing .  A two-point c a l i b r a -  
t i o n  a t  t h e  low temperature  i n d i c a t e d  no change i n  
s e n s i t i v i t y .  The t r ansduce r  was thermal ly  i s o l a t e d  , 
b u t  s i n c e  thermal  v a r i a t i o n  could n o t  be measured 
du r ing  a  run  t h i s  e r r o r  must be assumed p o s s i b l e .  

(2) Except f o r  t h e  c a s e s  where t he  p r e s s u r e  o r i f i c e s  
were plugged wi th  i c e  wh i l e  cool ing,  t h e  probable  
e r r o r  w i l l  n o t  be exceeded. 

(3)  Temperature measurement e r r o r s  assume t h a t  a b s o l u t e  
c a l i b r a t i o n  d a t a  a r e  v a l i d  and t h a t  probe tempera- 
t u r e  c o r r e c t i o n s  f o r  l a g  and recovery  f a c t o r  w i l l  
y i e l d  r e s u l t s  a s  p r e d i c t e d  i n  Reference 2. 

( 4 )  No i n c r e a s e  above the  probable  e r r o r  i s  l i k e l y ,  
s i n c e  t h i s  parameter  was c o n t i n u a l l y  being c a l i -  
b r a  t ed  dur ing  norma 1 conduct of t e s t  p rocedures .  



APPENDIX A 

NTATION CALIBRATION 

Thermocouples and Thermocouple Assemblies 

Thermocouple assemblies were manufactured according t o  F o r t  
Worth Divis ion s p e c i f i c a t i o n s  f o r  use i n  p l a t e  su r face  i n s  t r u -  
mentation. A l l  assemblies used the same m i l l  run of chrome1 and 
alumel wires  and should e x h i b i t  i d e n t i c a l  cha rac te r  i s  t i c s .  

Three thermocouple assemblies were c a l i b r a t e d  by the F o r t  
Worth Divis ion Standards Labora tor ies  f o r  use during prel iminary 
design s t u d i e s  and i n  t h e  model assembly. These assemblies 
y ie lded  da ta  accura te  t o  wi th in  + 4 ' ~  of the  published s tandards  
f o r  chromel-alumel (K type) thermocouples over a temperature 
range from 140' t o  530°R. 

One thermocouple assembly was s e l e c t e d  a t  random from the 
group i n s t a l l e d  i n  the p l a t e  temperature r e fe rence  junct ion t o  
be the  junct ion-absolute-  temperature measuring instrument.  A 
sample of the  0.004-inch-diameter K-type thermocouple, prepared 
f o r  use i n  probe manufacture and mounted on a 0.005-inch-thick 
f i b e r g l a s s  base ,  was a l s o  s e l e c t e d  f o r  abso lu te  temperature 
c a l i b r a t i o n .  These two couples were c a l i b r a t e d  a g a i n s t  r e f e r -  
ence junct ions  prepared and furnished by the  High Speed Wind 
Tunnel. 

C a l i b r a t i o n  d a t a  given i n  Table A 1  show t h a t  agreement with 
s tandard da ta  i s  e x c e l l e n t  from 140' t o  4 5 0 ' ~  but ,  from 4 5 0 ' ~  

6 t o  the maximum c a l i b r a t i o n  temperature of 532 R ,  these couples 
have outputs  j u s t  under 1% higher  than published s tandards .  
These c a l i b r a t i o n  d a t a  were inpu t  t o  an I B M  th i rd-order  curve- 
f i t  procedure and the r e s u l t i n g  cons tan t s  were used i n  a l l  da ta  
r educ t ion .  

Boundary Layer Probe C a l i b r a t i o n s  

Two probes were manufactured t o  support  t h i s  research  prog- 
ram. Both probes were c a l i b r a t e d  a t  Mach 4.02, and probe number 
2 was checked a t  Mach 2.86.  These c a l i b r a t i o n s  were made i n  the  
F o r t  Worth Divis ion 6- by 6-inch f r e e  j e t  f a c i l i t y .  



Appendix A 

The method of ca l ib ra t i on  and the d e t a i l s  of probe develop- 
ment a r e  sontained i n  Reference 3 along with a deta i led  discus-  
s ion  of the theory leading t o  a  correct ion f o r  thermal lag and 
the development of the equations. 

Br ie f ly ,  a  thermocouple i n  a  moving f l u i d  may be considered 
a s  a simple f i r s t - o r d e r  system with an absence of large rad ia t ion  
and conduction losses .  Assuming a constant  ve loc i ty  of probe 
motion through a thermal gradient  with the  f l u i d  flow r e s u l t s  i n  
an expression f o r  the heat  t r ans fe r  energy balance expressed a s  

where 
h is  the  convective heat  t r ans fe r  coe f f i c i en t  

Ae i s  the thermocouple heat  t r ans fe r  area  
Ce is  the  s p e c i f i c  heat  of the thermocouple mater ia ls  

m6 i s  the  mass of the thermocouple element 
T t  is  the equilibrium temperature without thermal lag 

T ~ "  is  the indicated t r ans i en t  measured temperature 
Y i s  the probe ve loc i ty  dY/dt. 

It is reasonable t o  expect t h a t  h w i l l  no t  be constant  s ince  
the probe i s  exposed t o  continuously changing external  flow char- 
a c t e r i s  t i c s .  Di f fe ren t ia t ion  of equation (1A) with respect  t o  Y 
y ie lds  

where A and B a r e  var iabfe  coe f f i c i en t s .  

I f  p a r t  of the  data  wi thin  the boundary layer  is l i nea r  o r  
can be l inear ized ,  a comparison of s teady measured data w i t h  
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t r a n s i e n t  measured data y i e l d s  a value f o r  the c o e f f i c i e n t  A ,  
s i n c e  

d  TtU/dY 2  
A = when d T t l l '  = 0 

d TtI1 ' /dy -7'7- 
The c o e f f i c i e n t  B can be determined i f  i n  the  da ta  e i t h e r  

of the f i r s t  d e r i v a t i v e s  becomes zero,  f o r ,  when 
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Tt  = 0 ,  then B = - A d  T ~ " / ~ Y  

dY d2 Ttll 

d  T t f l@ 
o r ,  when 1 0 ,  t h e n B =  

d  T ~ " / ~ Y  

dY , d2TtW ' /dY2 

and i f  both f i r s t  d e r i v a t i v e s  a r e  zero  a t  the  same Y p o s i t i o n ,  
B equals  zero.  

Attempts t o  determine va lues  f o r  the c o e f f i c i e n t  B from the 
experimental  d a t a  produced inconclusive r e s u l t s .  This  was due 
t o  d i f f i c u l t i e s  i n  e s t a b l i s h i n g  a  numerical va lue  f o r  the second 
d e r i v a t i v e  and i n  determining the  Y p o s i t i o n  when one of the 
f i r s t  d e r i v a t i v e s  i s  zero .  The e f f e c t  of the second-derivat ive 
c o r r e c t i o n  i s  s u f f i c i e n t l y  small  s o  t h a t  i t  can be ignored. 

The c o e f f i c i e n t  A i s .  presented a s  a  funct ion  of s t ream u n i t  
Reynolds number i n  F i  u r e  A l .  Since c a l i b r a t i o n  da ta  were taken E only t o  R E / 1  - 6 x  10 p e r  f o o t ,  the e x t r a p o l a t i o n  of these  da ta  
i n t o  the  test  range i s  shown. 

The probe recovery f a c t o r ,  R,  w a s  determined from da ta  taken 
o u t s i d e  the  boundary l a y e r .  The recovery f a c t o r  by d e f i n i t i o n  i s  

where Tttl i s  the  ind ica ted  s teady s t a t e  l o c a l  temperature 
T t t  i s  the  l o c a l  t o t a l  temperature 
T i s  the s t a t i c  temperature 
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During c a l i b r a t i o n ,  T ~ "  i s  the measured probe tempera ture  
ou t s ide  the boundary l a y e r ,  Tt '  i s  the s t agna t ion  temperature 
measured i n  the s t i l l i n g  chamber. (V = 0) , and T ,  the s t a t i c  
temperature, i s  computed from the Mach number. 

Probe recovery f a c t o r  as a  funct ion  of u n i t  Reynolds number 
and the e x t r a p o l a t i o n  of c a l i b r a t i o n  da ta  i n t o  the t e s t  range a r e  
shown i n  Figure A 2 .  

The da ta  reduct ion  methods discussed i n  Appendix B were used 
t o  ob ta in  the correc ted  temperature da ta  shown i n  Figure P 3 .  
Good agreement i s  shown f o r  the  cases  of s teady measured da ta  
co r rec ted  f o r  recovery f a c t o r  and t r a n s i e n t  measured da ta  c o r r e c t -  
ed f o r  l a g  and recovery f a c t o r .  
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TABLE A 1  

THERMOCOUPLE CALIBRATIONS 



Figure A1 EMPIRICAL RESPONSE CORRECTION FACTOR 
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APPENDIX B 

DATA REDUCTION 

General 

Basic da ta  were reduced from raw data  inpu t s  and a r e  
tabula ted  and p l o t t e d .  Boundary l aye r  edge condi t ions  and the  
boundary l aye r  thickness  were ex t rac ted  from the b a s i c  da ta  t o  
compute normalized boundary l aye r  v a r i a b l e s .  Only two normal- 
ized  v a r i a b l e s  were p l o t t e d :  t h e  v e l o c i t y  and temperature 
r a t i o s ,  V/Ve and T ~ '  / T ~  , versus  the non-dimensional probe 
l o c a t i o n  Y 1 6 .  

Basic Data 

Basic d a t a  were reduced during t e s t i n g .  The following 
equat ions  were used : I 

Pressure  Data 

P,' = A t  + Bt (Rl) + C t  (Rl) 2 

where 

A i s  barometric pressure  
B and C a r e  c a l i b r a t i o n  cons tants  a s soc ia ted  with 

each t ransducer  
i i s  l o c a t i o n  index 

R 1  and RS a r e  raw data  f o r  t o t a l  and s t a t i c  p ressu res ,  
r e s p e c t i v e l y  . 

The s t a t i c  p ressu re  used f o r  l o c a l  Mach number computations 
was normally taken from probe P61. 
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Ttlll  = Dt + Et  (R2) + Ft ( ~ 2 ) ~  + G t  ( ~ 2 ) ~  ( B 5 )  

T j  
2 

= TJ + E j  (KTj) + F j  (RTj) + G j  ( R T ~ )  3 (B6)  

TJ DJ + EJ (RJ) + FJ ( R j l 2  + GJ ( R j I 3  (B7) 

where 

D i s  the reference  junct ion  temperature 

Dt  and DJ = 1 4 0 ' ~  

E ,  F, and G a r e  c a l i b r a t i o n  cons tants  f o r  the thermocouples 
used i n  the var ious  l o c a t i o n s  

R2, RTj, RJ a r e  r a w  da ta  f o r  the  probe t o t a l  temperature, 
the  p l a t e  temperature, and the p l a  t e - ins  t a l l e d  
re fe rence  junct ion  temperature,  r e spec t ive ly  

j i s  a l o c a t i o n  index 

Lag Correct ion t o  Probe Temperature 

( ~ ~ ~ 1 ) ~  = ( T ~ * * ~ ) ~  + E, ( ATtll)n 

where 

(Tttl ' )  is  the probe indica ted  temperature before 
t r a v e r s e  begins 

where 

A i s  computed by l i n e a r  i n t e r p o l a t i o n  from tabula ted  
i n p u t  of A v s  R E / 1  using f rees t ream u n i t  Reynolds 
number a s  the argument 

n i s  index i n t e r n a l  t o  computer program monotonically 
inc reas ing  f o r  each da ta  p o i n t  a f t e r  probe t r ave r se  
begins 
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Local Mach Number 

5 2,7 - 51 ?5 f o r  P G ~ / P ~  50.5283 (B10) 
(P61/Pt1) (subsonic flow) 

A s e r i e s  approximation t o  the  inver s ion  of the 
Rayleigh p i t o t  formula was used t o  compute M when 

P ~ ~ / P '  < 0.5283 (supersonic  flow) 

Local Unit  Reynolds Number 

Local u n i t  Reynolds number computations f o r  each da ta  p o i n t  
requi red  t h i s  o rde r  of equat ions :  

Probe Temperature Corrected f o r  Recovery Factor  

T~~ T ~ "  ( T ~ @ / T ~ ~ ' )  0 1 5 )  

where 

R is computed by l i n e a r  i n t e r p o l a t i o n  from tabu la r  inpu t  
of R vs  R E 1 1  using l o c a l  u n i t  Reynolds number a s  the 
argument. I 
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Probe P o s i t i o n  

Probe v e r t i c a l  p o s i t i o n ,  Y ,  wi th r e s p e c t  t o  the p l a t e  
su r face  was computed a s :  

where 

YI i s  a  s e t  d i s t ance ,  probe t o  p l a t e ,  normally 
0.80 inch,  and the  i n i t i a l  output  of R 3  and 
Rq a r e  recorded 

HI, H2, and Hq a r e  the  c a l i b r a t i o n  cons tan t s  a s soc ia ted  with 
the  p a r t i c u l a r  potent iometer  i n  use 

AR3 i s  output  of the potent iometer  ind ica t ing  
change i n  p o s i t i o n  of probe with r e s p e c t  t o  
the  a c t u a t o r  

ARq i s  output  of the potent iometer  ind ica t ing  
change i n  p o s i t i o n  of a c t u a t o r  with r e spec t  
t o  the  p l a t e .  

Manual Inpu t  Data 

XP ( inches)  - Probe S t a t i o n  

PXi ( inches)  - Pressure  tap  l o c a t i o n s  according t o  index, i .  

T X j  ( inches)  - Thermocouple l o c a t i o n s  according t o  index, j . 
Basic P l o t t e d  Data 

Data which were p l o t t e d  a r e  a s  fol lows:  

CPi vs PXi 

T ~ / T ~ ~  vs T X j  

Tt l /Tto ,  P t l / P t o ,  CP61, M vs  Y 
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These d a t a  were reduced from b a s i c  boundary l aye r  d a t a ,  the  
boundary l a y e r  th ickness ,  and s e l e c t  boundary l a y e r  edge condi- 
t i o n s .  A l l  v a r i a b l e s  a r e  t abu la ted .  Reduction equat ions  and 
v a r i a b l e  d e s c r i p t i o n s  a r e  as  follows : 

M/M, = Mach number r a t i o  

T t l  / T t t e  = T o t a l  temperature r a t i o  

TIT, = S t a t i c  temperature r a t i o ,  where 

V/Ve = Veloci ty r a t i o ,  where 

v/ve = M/Me (TITe) 
k 

PIP, = Mass d e n s i t y  r a t i o ,  where 

~e = (TeIT) (p61/P61e) 

Y / 6  = Nondimensional probe loca t ion  

P l o t t e d  Normalized Data 

Only two v a r i a b l e s  were p l o t t e d :  

Ttl/Tte and V/V, v s  Y / 6 .  
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TABLE I 
SHOCK GENERATOR WEDGE POSITION AND 

THEORETICAL WAVE PATTERN DATA 

FLOW 
Expansion Fan 

* Turning angle  includes the e f f e c t i v e  increase  i n  d e f l e c t i o n  due 
t o  boundary l aye r  growth on the  wedge su r face .  This was obtained 
from measurements of shock wave angles  i n  t e s t  da ta  taken a t  the 
same Mach numbers and Reynolds numbers (Reference 5) .  

Mach 
No. 

2 .O 

3 . 2  

4.2 

.- 

ANGLES - DEGRE 
Incidence ~ u r n G  

k 

6 
8 

6 
8 

6 
8 



TABLE I1 
TEST CONDITIONS AND MANUAL INPUT FOR FLNAL DATA REDUCTION 
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Figure 4 PLATE I NSTRUME NTATlON DETAILS 



PRESSCI RE ELEMENT 

0.003 RAZOR 
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Figure 5 TOTAL PRESSURE/TOTAL TEMPERATURE PROBE 



M, 3.18 
@ Tw/Tf0 0.96 
@ Wedge Configuration w~~ 
RE/I 14.5 x lo6 per f t .  
qo 2233 psf: Run No. 8 (Shadowgraph from Run 4) 

Data O f f  f$ El Left II Right 

Figure 6 PLATE STATIC PRESSURE A N D  SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 

26 7 27 2 8 2 9 30 3 1 32 3 3 34 35 
d PRESSURE TAP LOCATION, INCHES 



OMo 3.18 
TwbI0 0.97 

M2 5 R C~ 

a Wedge Configuration W86 
RE/ I  1 4 . 5 ~  1 0 ~ ~ e r  ft. . qo 2232 psf. 

Run No. 9 
Data Of f  $ El Left ll Right 

I 
b I PRESSURE TAP LOCATION, INCHES I 

Figure 7 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 



e Mo 3.18 
aTwflto 0.29 C~ 
0 Wedge Configuration W65 
0  RE/^ 14.4 x lo6 per ft.  
r qo 2228 psf. 

Run No. 21 (Shadowgraph from Run 12) 
Data O f f  5 B Left I Right 

I PRESSURE TAP LOCATION, INCHES I 

Figure 8 PLATE STATIC PRESSURE A N D  SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 35 



e M o  3.18 
@Tw/tto 0.31 C~ 
@ Wedge Configuration W86 
.RE/P 1 4 . 5 ~  1 0 ~ ~ e r  ft. 
.qo 2225 psf 

Run No. 20 
Data O f f  $ Left ll Right 

PRESSURE TAP LOCATION, INCHES I 

Figure 9 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 



. Mo 3.18 . T,/V+, 0.31 
@ Wedge Configuration W65 

RE/ j  1 1 . 5 ~  1 0 ~ ~ e r  ft. . go 1771 psf. 
Run No. 14 
Data O f f  $ Left lERight 

PRESSURE TAP LOCATION, INCHES 

Figure 10 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 37 



OT;,~~, 0.31 
Wedge Configuration wg6 
RE/' 11 -5 x 106 per ft, 
go 9 768 psf 

Run No. 19 
Data Of f  $ €3 Left II Right 

Figure 1 1  PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 

38 IN THE INTERACTION REGION. 



Mo 3.18 
h ~ b t o  0.30 M2 $ 1  O R  9 
Wedge Configuration W65 
RE/f 10.3 x lo6 per ft. 

e qo 1595 psf. 

Run No. 17 
Data O f f  Left Right 

I 

b I PRESSURE TAP LOCATION, INCHES I 

Figure 12 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 39 



I PRESSURE TAP LOCATION, I NCHES I 

Figure 13 PLATE STATIC PRESSURE AND Sfr90CK WAVE PATTERN 
IN THE INTERACTION REGION. 



e3 M, 2.01 M2 01 
eT, /T to  0.34 

Wedge Configuration W67 
RE/P 12.2 x l o6  per ft. 

0 qo 2406 psf. Run No. 32 
Data Of f  $ El Left U Right 

I PRESSURE TAP LOCATION, INCHES 

Figure 14 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 4 1 
IN THE INTERACTION REGION. 



M o  2.01 
Q Tw/Tto 0.34 
Q Wedge Configuration w88 

RE/P 12.2 x l o6  per ft. 
e qo 2400psf. 

M2 O 1  $ R  =P 

Ron No. 36 
Data O f f  5 Left H Right 

42 
Figure 15 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 

IN THE INTERACTION REGION. 



@ Mo 2.01 
Twflto 0.32 

e Wedge Configuration w~~ 
RE/P 6.4 x 1 o6 per ft . 

o qo 1301 psf, 
Run No. 33 
Data O f f  $ Left H Right 

26 1 27 28 2 9 30 3 1 32 33 34 35 

b I PRESSURE TAP LOCATION, INCHES I 

Figure 16 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 43 



b Mo 2.01 
.fw/'r+, 0.33 
w Wedge Configuration wg8 

RE/. 6.4 x lo6 per ft. 
40 1294 psf. Run No. 34 (Shadowgraph from Run 35) 

Data Of f  $ El Left %I Right 

28 2 9 30 3 1 32 33 34 

I 
35 

d PRESSURE TAP LOCATION, l NC HES 

44 Figure 17 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 
IN THE INTERACTION REGION, 



e Mo 4.2 
eT,/"Tt, 0.32 M2 6 1  * R  
@ Wedge Configuration ws3 
 RE/^ 20.2 x 106per. f t .  
eqO 2147 psf 

Run No. 43 
Data O f f  $ Left l Right 

i I PRESSURE TAP LOCATION, INCHES 

Figure 18 PLATE STATIC PRESSURE A N  B SHOCK WAVE PATTERN 
IN THE INTERACTION REGION, 45 



M o  4.2 
.T,/Tto 0.32 
.Wedge Configuration W62 
R E 1 1  1 4 . 5 ~  106 per ft. 
.qo 1 555 psf * 

. . 

Run No. 46 

Data O f f  8 Left 1 Right 

PRESSURE TAP LOCATION, l NCHES I 

Figure 19 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 



OM, 4.2 
Tw/Tfo 0.32 

8 Wedge Configuration Wg3 
0 RE/,! 14.5 x 106 per ft. 
@ 40 161 0 

M2 $1 OR CP 

Run No. 44 
DATAQFFq BLEFT mRlGHT 

PRESSURE TAP LOCATION, l NCHES 

Figure 20 PLATE STATIC PRESSURE AND SHOCK WAVE PATTERN 
IN THE INTERACTION REGION. 



Mo 3.18  RE/^ 14.5 x lo6 per ft. 
0 

T , / T ~ ,  0.96 Tt,535 K 

RUN 7 

Probe Stat ion  n ( 0 )  = 27,00 inches 

6 a 0,412 inches 

VELOCITY RATIO, V/V, + 
TEWERATURE RATIO, T ' IT I , ,  X 

FIGURE 2 1. " NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (UPSTREAM OF INTERACTTOM) 
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Mo 3.18 RE11 14.5  x l o6  per ft. R U N  11. 

~ w / T t e  0 .96 T t ~  541 OK 

Wedge Configurat ion W6 5 

Probe S t a t i o n  XP(1) -31 .25  inches  

6 = 0 . 4 2 2  inches  Tt', a 527 OR % 2.68 

VELOCITY RATIO, V/Ve + 
TEMPERATURE RATIO, T t  ' / T ~  I,, X 

FIGURE 22.-NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (INTERACTION REGION) 
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3,18 6 
Mo R E 1 1  14,5x 10 per f t .  RUN 8 

Wedge C o n f i g u r a t i o n  W6 5 

P r o b e  S ta t ion  W(2) = 36.00 inches 

6 a 0.473 inches M, =2,64 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ' IT 8 , X 

FIGURE 23:NON -DIMENS IONAL VELOCITY AND TEMPERATURE 
PROFILES (DOWNSmEAM OF INTEMCTION) 
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Mo 3.18 RE/1 14.5 x 106per  f t .  RUN 10 

Tw/Tto 0.96 T t o  536 OK 

Wedge Configuration W8 6 

Probe Station WP(1) = 31.25 inches  

6 = 0.424 inches T t t e  = 522 OR M, IP 2.40 

0 0.4 0.8 1.2 
VELOCITY MTIO, V/V, -4- 

TEMPERATURE RATIO, T ' IT ', X 

FIGURE 24,- NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (INTERACTION REGION) 
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Mo 3 . 1 8   RE/^ 14.5 x 1 0 ~ ' ~ e r  ft. RUN 9  

% / T t o  0 . 9 6  T t o  537 OK 

Wedge Configuration w86 

P r o b e  S t a t i o n  XP(2) = 36.00  i n c h e s  

6 = 0 . 5 5 2  inches T t t e  ' 527 OR % 2 .43  

0 0.4 0.8 1.2 

VELOCITY RATIO, v/V, + 
TEMPERATURE RATIO, T ~ ' / T ~ * ~ ,  X 

FIGURE 2 5. - NON -DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (DOWNSTREAM OF INTERACTION) 

$ 3  



3.18 6 
Mo RE/1 1 4 . 5 ~  10 per  ft. RUN 22 

~ w / ~ t o  0.30 T t o  540 OK 

Probe Stat ion XP(0) = 27.00 inches 

6 = 0.408 inches T t t e  a 530 OR M, ~ 3 . 2 2  

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T t  ' / T t V e  X 

FIGURE 26, - NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROPILES (UPSTREAM OF INTERACTION) 
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\ 

Mo 3.18  RE/^ 14.5 x lo6 per f t .  RUN 29 

TWIT t o  0 .30  T t o  543 OK 

Wedge Configuration w~~ 

Probe S t a t i o n  XP(1)  = 31.25 inches  

0 
6 s  0.376 inches  Tg'e a 536 R M, P 2.68 

VELOCITY RATIO, v/V, + 
TEMPERATURE RATIO,  T ' IT ', , X 

FIGURE 27, -NON -DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (INTERACTION W G I O N )  
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Mo 3.18  RE/^ 1 4 . 5 ~  10 per i t .  RUN 2 1  
6 

WIdge Conf igutation w~~ 

Probe S t a t i o n  XP(2 ) = 36.00 inches 

6 = 0 . 4 6 9  inches 
0 

T t ' ,  ~ 5 3 4  R Me " 2 . 6 5  

0 0.4 0.8 1.2 
VELOCITY RATIO, V/V, + 

TEMPERATURE RATIO, T t '  / T ~ @ ,  , X 

FIGURE 28 .0  NON-DIMENSIOb@L VELOCITY AND TEMPERATURE 
PROFILES (MwSJSTREAM OF INmRACTION) 

r;r; 



&, 8.18 RE11 14.5 x lo6 per ft. RUN 28 

TwITto 0.30 Tto 542 '8 

Wedge Configuration W 
8 

Probe Station XP(1) = 33.25 inches 

6 a 0.385 inches Ttte ' 535 OR M, " 2.43 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ' IT l ,  , X 

FIGURE29. - NON -DIMENS IONAL VELOCITY AND TEMPERATURE 
PROFILES (INmMCTION REGION) 
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Mo 3.18  RE/^ 1 4 . 5 ~  l o6  per ft. RUN 20 

0 
TWITta 0.30 T t o  549 M 

Wedge Configuration W8 
6 

Probe Stat ion XP(2) = 36.00 inches 

6 = 0.529 inches Ttl, = 545 OR % " 2.47 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ~ '  ITt I,, X 

FIGURE 30.-NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (DOWNSTREAM OF INTERACTION) 

c 7 





0 0 .4  0.8 1.2 

VELOCITY M T I O ,  V/V, + 
TEMPERATURE R A T I O ,  T t l  / T t l , ,  X 

F I G U R E 3 2 , -  NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
P R O F I L E S  (INTERACTION REGION) 
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Mo 3.18  RE/^ 11.5 x lo6 per f t .  RUN 14 

Wedge Configuration W 6 

Probe Station XP(2) = 36.00inches 

6 = 0.446 inches T t  ' e  = 523 OR M, a 2.61 

VELOCITY RATIO,  V/V, + 
TEMPERATURE RATIO,  T ' IT @ e ,  X 

FIGURE 33.- NON-DIMENSIONAL VELOCITY AND TEMPEWATURE 
PROFILES (DOWNSTREAM OF INTPIRACTZON) 
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3.18 6 
Mo  RE/^ 11.5 x PO p e r  f t .  RUN 27 

ki'ko 8.3'11 T t o  541 OK 

Wedge Configuration W 6 8 

Probe Station XP( 1) = 31.25 inches 

6 =  0.381 inches T t l e  = 5 3 5  OR M, " 2 .43  

0 0 . 4  0.8 1.2 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ' IT I , ,  X 

FIGURE 34. - NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (INTERACTION REGION) 
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Mo 3.18  RE/^ 11.5 x lo6 per f t .  RUN 19 
0 

T , / T ~ ~  0.31 Tto544  K 

Wedge Configuration ws6 

Probe Station XP(2) = 36.00 inches 

8.. 0.509 inches T t l e  = 541 OR M, 2.42 

0 0.4 0.8 1.2 

VELOCITY RATIO, V/Ve + 
TEMPERATURE RATIO, T ' /T I , ,  X 

FIGURE 35.-NON-DIMENSIONAL VELOCITY AND TEMPEMTURE 

62 PROFILES (DOWNSTREAM OF INTERACTION) 



Mo 3.18  RE/^ 1 0 . 3  x l o6  pet ft. 

%IT t o  0,3131 T t o  544 OK 

Probe Sta t ion  XP(0) = 2 7 . 0 0  inches 

8 = 0 . 4 0 7  inches T t f e  = 538 OR & " 3 . 3 1  

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T t '  / T ~  I , ,  X 

FIGURE.36." NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (UPSTREAM OF I N ~ R A C T L O N )  6 3  



Mo 3.18  RE/^ 10.3 x 1 0 6 p e r  f t .  RUN 31 

~ w / T t o  0 .3% T t o  5 3 7  OK 

Wedge C o n f i g u r a t i o n  W6 5 

P r o b e  S ta t ion  XP(1)  = 3 1 - 2 5  inches 

6 0.350 inches T t t e  = 530 OR & = 2 . 6 4  

0 0.4 0.8 1.2 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ~ '  / T ~ @ ,  , X 

F I G U R E 3 7 . -  NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
64 PROFILES (IN~FLACTXON REGION) 



Mo 3-18  RE/^ 10.3 x lo6  per i t .  RUN 17 
0 

' h / T  t o  0.31 T t o  545 K 

Wedge Configuration W6 5 

Probe Station XP(2) = 36.00 inches 

6 = 0.450 inches T t l e  = 540 OR M, P2.68 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T t '  ITt', X 

FIGURE 38, - NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (DOWNSTREAM OF INTERACTION) 



Mo 3 .18 R E / 1  10 .3  x lo6 p e t  f t .  

TWIT t o  0.351 T t o  544 OK 

Wedge Configuration wB6 

P r o b e  S t a t i o n  XP(1)  = 31.25 inches  

RUN 26  

6 = 0.368 inches  T t t e  = 537 OR M, a 2.42 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T t ' / ~ t l e ,  X 

FIGURE 39.' NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
66 PROFILES (INTERACTION REGION) 



RUN 18 M, 3.18  RE/^ 10.3 x lo6 per f r .  

0.31 0 
T W I T  to Tto 545 K 

Wedge Configuration W8 
6 

Probe Stat ion XP(2) = 36-00 inches 

8 =  0.505 inches T t l e  m 541 OR M, P 2.50 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, Tt'/Ttle,  X 

FIGURE 40. - NON -DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (DOWNSTREAM OF INTERACTION) 



I 

2.01  6 
Mo  RE/^ 12.2 x 10 p e r  f t .  RUN 32 

0.34 0 
T W I T  t o  *to 524 K 

Wedge Configuration W6 7 

Probe Stat ion XP(2) = 36.00inches I ,  

I 

8 =  0.528 inches T t l ,  = 521 OR M, " 1.58 
I 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T t ' / ~ t ' , ,  X 

FIGURE 41.- NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
PROFILES (DOWNSTREAM OF INTERACTIbN) 



2.01  6 
Mo  RE/^ 1 2 . 2 ~  10 per ft. RUN 36 

TW/T to 0,34 =to 528 '8 

Wedge C o n f i g u r a t i o n  W8 8 

P r o b e  S ta t ion  XP(2) = 36.00 inches 

6 =  0.613 inches T t t e  = 526 OR M, = 1.41 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO,  T ' /T e ,  X 

FIGURE 42,  - NON -DIMENS IONAL VELOCITY AND TEMPERATURE 
PROFILES (DOWNSTREAM OF INTERACTION) 69 



Mo 2 . 01  R E 1 1  6 . 4  x lo6  per  f t .  RUN 33 
0 

TWIT t o  0 ,32  T t o  537 

Wedge Configurat ion W6 7 

Probe S t a t i o n  XP(2) = 36.00 inches  
0 

6 =  0.532 inches T p e  '553 R M, "1.57 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ~ '   IT^^, X 

FIGURE 43.  " NON-DIMENSIONAL VELOCITY AND TEMPERATURE 
70 PROFILES (DOWNSTREAM OF INmRACTION) 



2.01 6 
Mo  RE/^ 6.4 x 10 per f t .  RUN 34 

TW/T to 0;32 Tto 529 OK 

Wedge Configuration W8 8 

Probe Station Xp(2) = 36.00 inches 

Sa0.620 inches T t t e  = 522 M, ~1.39 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ' /T 9 , , X 

FIGURE 4 4 .  - NON -DIMENS IONAL VELOCITY AND TEMPERATURE 
PROFILES (DOWNSTREAM OF INTERACTION) 71 



Mo 4 .2   RE/^ 20.2 x lo6 per f t .  RUN 43 

0 .32 
0 

%w/Tto  T t o  529 K 
3  

Wedge C o n f i g u r a t i o n  W8 

Probe S t a t i o n  XP(2) = 33.00 i n c h e s  

6 3  0.268 inches Ttl, = 504 OR & 3.08 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ' / T t l ,  X 

FIGURE 45. - NON -DIMENSIONAL VELOCITY AND TEMPERATURE 
72  PROPILES (DOWNSTREAM OF IN1CERACTION) 



LH313H X3XVT AXVaNnOB TVNOISNZHIa- NON 



Mo 4.2  RE/^ 14.5 x lo6  per ft. RUN 44 

T ~ / T ~ ,  0.32 T t o  531 OK 

Wedge Configuration W8 3 

Probe Station XP(2 ) = 33.00 inches 

6 = 0.313 inches Ttte = 516 OR M, =, 3.15 

VELOCITY RATIO, V/V, + 
TEMPERATURE RATIO, T ~ '  /Tt 8 , .  X 

FIGURE 47. - NON -DIMENSIONAL VELOCITY AND TEMPERATURE 
74 PROFILES ( D O W S T R E ~  OF INTERACTION) 




