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ABSTRACT 

I n i t i a l  a e r o d y n a m i c  c a l i b r a t i o n  of the  t e s t i n g  r e g i o n  of 
the  P W T  1 6 - F t  S u p e r s o n i c  T u n n e l  c o n s i s t e d  of s u r v e y s  of a 
t w e n t y - f o o t  l eng th  of nozz l e  and t e s t  s e c t i o n  in  wh ich  the 
m o s t  d e s i r a b l e  mode l  l o c a t i o n s  o c c u r .  T h e s e  s u r v e y s  w e r e  
ob t a ined  wi th  an  e igh t - foo t  t r a v e r s i n g  r a k e  u t i l i z i n g  p i to t -  
wedge  and  p i t o t - t e m p e r a t u r e  p r o b e s .  The  da ta  ob ta ined  
f r o m  t h e s e  s u r v e y s  i nc luded  i s e n t r o p i c - n o z z l e  Mach  n u m b e r  
d i s t r i b u t i o n s  bo th  on and  off the  c e n t e r l i n e ,  t r u e  l o c a l  M a c h  
n u m b e r  d e t e r m i n e d  f r o m  the  p i t o t - w e d g e  p r o b e s ,  nozz l e  
p r e s s u r e  r e c o v e r y ,  and f low m i s a l i g n m e n t .  T h e s e  s u r v e y s  
w e r e  conduc t ed  at  nozz le  Mach  n u m b e r s  of 1 .50,  1 .60 ,  1 .75 ,  
2 .00 ,  2 .25 ,  2 .50 ,  2 .75,  3 .00 ,  3 .25 ,  and 3 .50 .  R e s u l t s  
show tha t  m a x i m u m  Mach  n u m b e r  v a r i a t i o n s  o v e r  the  s u r v e y e d  
l e n g t h  a r e  i -0 .02.  The  s t a g n a t i o n  p r e s s u r e  r e c o v e r y  t h r o u g h  
the  nozz l e ,  f o r  the r ange  of s p e c i f i c  h u m i d i t y  ob ta ined  d u r i n g  
t h i s  p r o g r a m ,  v a r i e d  f r o m  0 . 9 9 3  at N m = 1 .50  to  0. 961 a t  
Nm = 3 .50 .  

iii 
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NOMEHCL.ATURE 

hn 
M1 

M1 

MI, i 

MR 

NM 

Pt 

(Pt, l/Pt, O)av 

Tt 

V 

X 

Xc 

y 

A~ 

6c 

P i to t -p robe  height  above nomina l  wedge su r f ace ,  ft 

Mach number  as de t e rmined  f r o m  pi to t -wedge 
m e a s u r e m e n t s  

Average tes t  s ec t ion  cen te r l i ne  Mach number  as 
de t e rmined  f r o m  pi tot -wedge m e a s u r e m e n t s  

Mach number  f rom a pitot m e a s u r e m e n t  for  an 
i sen t rop ic  nozzle  

Mach number  ca lcu la ted  f r o m  the  r e t r a c t a b l e  probe  
pitot p r e s s u r e  m e a s u r e m e n t  and the nomina l  nozz le  
p r e s s u r e  r e c o v e r y  curve 

Nozzle contour  number  

Stagnation p r e s s u r e ,  psf 

P r e s s u r e  m e a s u r e d  by a pitot tube in supe r son i c  
flow, psf 

Average  nozzle  p r e s s u r e  r e c o v e r y  f rom pi to t -wedge  
surveys  obtained on the cen t e r l i ne  and four  fee t  above,  
below, eas t ,  and west of the cen te r l ine  

Unit Reynolds  number ,  R/i  = V f t .  1 

Stagnation t e m p e r a t u r e ,  °F 

Velocity,  f t / s e c  

Densi ty r a t i o  a c r o s s  an oblique shock,  X --- p2/Pl 

Distance f r o m  the wedge v e r t e x  ( m e a s u r e d  along the 
equivalent  wedge surface)  to the inf luence point 
governing the wave angle that  is  t r a v e r s e d  by the 
s t r e a m l i n e  en te r ing  the pitot tube behind the oblique 
shock, ft (see fu r t he r  explanat ion  in Appendix) 

Ratio of spec i f ic  heats  

Ver t i ca l  f l o w - m i s a l i g n m e n t  angle (up-flow is 
posi t ive) ,  deg 

L a t e r a l  f l o w - m i s a l i g n m e n t  angle (looking u p s t r e a m ,  
c ros s  flow to the r ight  is posi t ive) ,  deE 

Wedge s e m i - a n g l e  a f t e r  boundary  l a y e r  c o r r e c t i o n ,  
deg 

vi i  
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6g 
8n 
6. 

E 

ec 
v 

P 

Geometric wedge semi-angle, dee 

NomLual wedge sem/-angle,  dee 

Boundary layer  displacement thickness, ft 

Boundary layer  flow-deflection angle, deg 

Bow-wave angle calculated using 6c, deg 

Kinematic viscosity, f t2/sec 

Air density, slugs/ft3 

Specific humidity of the tunnel air, lb of moisture 
per lb of mixture 
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1.0 INTRODUCTION 

The PWT 16-F t  S u p e r s o n i c  T u n n e l  is  c o m p o s e d  of a n u m b e r  of c o m -  
p lex  s u b - s y s t e m s  such as the  c o m p r e s s o r  s y s t e m ,  n o z z l e  s y s t e m ,  and  
d i f f u s e r  s y s t e m ,  each  r e q u i r i n g  e x t e n s i v e  eva lua t ion .  As the  v a r i o u s  
c o m p o n e n t s  of the  tunnel  w e r e  c o m p l e t e d ,  c a l i b r a t i o n  work  was  begun  
to e v a l u a t e  the  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of the  c o m p o n e n t s .  The  f i r s t  
m a j o r  c o m p o n e n t  of the  t unne l  to  b e c o m e  o p e r a t i o n a l  was  the  c o m p r e s s o r  
s y s t e m .  O p e r a t i o n  and c a l i b r a t i o n  of the  c o m p r e s s o r  b e g a n  in  F e b r u a r y  
of 1960 and was con t inued  unt i l  m i d  1960. At t h i s  t i m e  the  f l e x i b l e  n o z z l e  
s y s t e m  was  r e a d y  for  e v a l u a t i o n  and th i s  work  was c a r r i e d  out a long  wi th  
s o m e  add i t iona l  c o m p r e s s o r  eva lua t ion .  By the l a t t e r  p a r t  of 1960, the  
e q u i p m e n t  fo r  the  a e r o d y n a m i c  c a l i b r a t i o n  of the  t e s t  s e c t i o n  and  n o z z l e  
was c o m p l e t e d  and r e a d y  fo r  i n s t a l l a t i on ,  and the  v a r i a b l e  g e o m e t r y  dif-  
f u s e r  was r e a d y  for  o p e r a t i o n ,  a l though  not ca l i b r a t ed .  Ac tua l  c a l i b r a -  
t ion of the  n o z z l e  and t e s t  s e c t i o n  was  begun  in D e c e m b e r ,  1960. 

The  e q u i p m e n t  p r o v i d e d  fo r  ob ta in ing  a e r o d y n a m i c  c a l i b r a t i o n  da ta  
was d e s i g n e d  to s u r v e y  the  n o z z l e  and  t e s t  s e c t i o n  in l l - f t  s e g m e n t s ,  
r e q u i r i n g  r e - p o s i t i o n i n g  of the  p r o b e  in the t e s t  s e c t i o n  as  the  change  
was m a d e  f r o m  one s e g m e n t  to  the  next.  F ive  p r o b e  pos i t i ons  w e r e  r e -  
q u i r e d  to eva lua te  the  flow cond i t ions  th roughou t  the  c o m p l e t e  t e s t i n g  
r eg ion .  H o w e v e r ,  a f t e r  two s e g m e n t s  had b e e n  s u r v e y e d ,  o p e r a t i o n a l  
d i f f i cu l t i e s  with the  nozz l e  con t ro l  s y s t e m  c a u s e d  the  n o z z l e  to  be m a d e  
i n o p e r a b l e  fo r  a c o n s i d e r a b l e  p e r i o d  of t i m e ,  and  c a l i b r a t i o n  w o r k  was  
t e r m i n a t e d  unt i l  such  t i m e  as it could be w o r k e d  in to  the  t e s t i n g  s c h e d u l e .  
The  two s e g m e n t s  of the  t e s t  s e c t i o n  and nozz l e  w h i c h  w e r e  s u r v e y e d  
r e p r e s e n t  a twen ty - foo t  l e n g t h  wh ich  con ta ins  the  m o s t  d e s i r a b l e  m o d e l  
l oca t i ons .  The  c a l i b r a t i o n  data  p r e s e n t e d  in  th is  r e p o r t  de f ine  the  f low 
cond i t i ons  in th is  t e s t i n g  a r e a .  When addi t iona l  c a l i b r a t i o n  w o r k  is  c a r -  
r i e d  out, s u p p l e m e n t a l  r e s u l t s  wi l l  be compi l ed .  

2.0 APPARATUS 

2.1 BASIC TUNNEL 

The  PWT 16-F t  S u p e r s o n i c  T u n n e l  is  a con t i nuous - f l ow ,  c l o s e d -  
c i r c u i t  wind tunne l  d e s i g n e d  to o p e r a t e  at s t a g n a t i o n  p r e s s u r e s  of a p p r o x i -  
m a t e l y  100 to  2000 psfa.  C o m p r e s s o r  power  is  p r o v i d e d  by a f o u r - m o t o r  
e l e c t r i c  d r i v e  s y s t e m  d e l i v e r i n g  a m a x i m u m  of 216 ,000  h o r s e p o w e r .  

M a n u s c r i p t  r e l e a s e d  by a u t h o r s  F e b r u a r y  1962. 
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T e m p e r a t u r e  control  is  provided by a i r - t o - w a t e r  heat  exchangers  loca ted  
u p s t r e a m  and d o w ~ t r e a m  of the c o m p r e s s o r .  The f lexible  nozzle p r o -  
vides  contours  fo r  genera t ing  supe r son ic  flow at Mach number s  f r o m  
I. 50 to 8.00.  The removab le  t es t  sec t ion  is 40 ft long with a 16 by 16 ft 
c r o s s  sect ion.  The d i f fuser  side walls  a r e  adjus table  to provide the f l ex -  
ibili ty r e q u i r e d  to se t  the optimum s t a r t i ng  and running configurat ions .  
A scavenging scoop is provided in the d i f fuser  to r e m o v e  products  of com-  
bust ion during propuls ion  tes t s .  A c losed tip was  ins ta l led  on this  scoop 
during this  ca l ibra t ion .  The locat ion ~ the tunnel  and its re la t ionsh ip  
to the r e m a i n d e r  of the PWT a r e a  is shown in Fig.  1. 

2.2 COk4PRErbSOR 

The c o m p r e s s o r  sy s t em is made  up of four  ax ia l - f low c o m p r e s s o r  
units or  cy l inders  a r r a n g e d  so that  they m a y  be ope ra ted  with e i ther  one, 
two, th ree ,  o r  four  cyl inders  in s e r i e s .  This  f lexibi l i ty  of operat ion is 
made  poss ib le  by the use  of i r i s  va lves  which provide  for  the a i r  e m e r g -  
ing f r o m  one cy l inder  to e i ther  en ter  or  b y - p a s s  the succeeding cy l inders ,  
with r e m o t e l y  cont ro l led  couplings to al low the idle cy l inders  to be d i s -  
connected f r o m  the dr ive  sys tem.  The use  of a c o m p r e s s o r  sys t em of 
this  type was d ic ta ted  by the wide range  of p r e s s u r e  r a t io  and volume 
flaw r e q u i r e m e n t s  fo r  operat ing the tunnel at Mach n u m b e r s  f rom 1.50 
to ~. 00. The fArst t h r ee  cyl inders  a r e  f o u r - s t a g e  c o m p r e s s o r s  with 
adjustable  inlet  guide vanes  and s t a t o r  b lades .  The four th  cyl inder  is  a 
s i x - s t a g e  c o m p r e s s o r  with manua l ly  adjus table  blading. The overa l l  
range  of p r e s s u r e  r a t io  avai lable  is app rox ima te ly  1.1 to 8.0.  

2.3 FLEXIBLE HOZZLE 

The 92- f t - long  flexible nozzle is  ad jus ted  by ~9 p a i r s  of hydrau -  
l ica l ly  powered,  b a l l - b e a r i n g  jack  ac tua to r s  cont ro l led  by a digi tal-  
compu te r - t ype  control  s y s t e m  using a magne t i c  tape m e m o r y .  T h r e e -  
hundred bas i c  contours  a re  provided to cover  the Mach number  range  
f r o m  1.50 to 4 .50  in i nc remen t s  of 0 .01,  with p rov is ions  fo r  ae ro -  
dynamic  c o r r e c t i o n s  when requ i red .  This  s a m e  provis ion  makes  
poss ib le  the extens ion  of the range  of control  f r o m  M = 4 .50  to 5.00. 
The supe r son ic  por t ion  of the nozzle is app rox ima te ly  65 ft  in length 
and is control led  by l0 pa i r s  of j acks  with spac ings  of t h r ee  and four  
feet .  The f lexible  wall  posit ion is m e a s u r e d  at each  jack  s ta t ion by 
mesne  c~ t a p e - r e e l  sens ing devices  a t tached  to a w a t e r - c o o l e d  r e f e r -  
ence f r a m e .  These  m e a s u r e m e n t s  a r e  fed into the control  sy s t em fo r  
use  in changing f r o m  one contour to another  and for  mainta ining a 
se lec ted  contour  within ±0. 035 inches of the ca lcu la ted  contour,  with 
a r epea tab i l i t y  of ~0. 008 inches.  

2 
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Twenty, d e s i g n  con tour s ,  c o v e r i n g  the Mach n u m b e r  r a n g e  f r o m  
1.5 to 5 .0 ,  w e r e  c a l c u l a t e d  f o r  the  f l ex ib l e  nozz l e  by the  d e s i g n e r ,  
S a n d b e r g - S e r r e l l  C o r p o r a t i o n .  The ca l cu la t ion  p r o c e d u r e  u t i l i z e d  the  
con t inuous  t h i r d  d e r i v a t i v e  concep t  and is d e s c r i b e d  ful ly  in  Ref.  1. 
B o u n d a r y  l a y e r  c o r r e c t i o n s  w e r e  app l i ed  us ing  the  m e t h o d  d e s c r i b e d  
in Ref. 2, b a s e d  on m e a n  v a l u e s  of Reyno lds  n u m b e r .  In c a l c u l a t i n g  
the  n o z z l e  p la te  shapes  and j a c k  s e t t i n g s  n e c e s s a r y  to  p roduce  t h e s e  
c o n t o u r s ,  the  wall  t e m p e r a t u r e  b e c o m e s  i m p o r t a n t  in that  it a f f ec t s  the  
p la te  l e n g t h  and j ack  spac ing .  The  e x p e c t e d  r a n g e  of o p e r a t i n g  t e m p e r a -  
t u r e s  was  s tud ied ,  and m e a n  v a l u e s  w e r e  s e l e c t e d  fo r  u se  in the  n o z z l e  
ca l cu l a t i ons .  In t h e s e  c a l c u l a t i o n s  it was a s s u m e d  tha t  t he  p l a t e s  w e r e  
s u b j e c t e d  to t h e s e  t e m p e r a t u r e s  u n i f o r m l y .  T h e s e  v a l u e s  v a r i e d  l i n -  
e a r l y  wi th  Mach n u m b e r  f r o m  140°F at N M = 1 .5  to  375°F at N m = 3 .0 ,  
wi th  375eF be ing  u s e d  above  N M = 3 .0 .  Once the  twen ty  d e s i g n  c o n -  
t o u r s  had  b e e n  def ined ,  i n t e r p o l a t i o n s  w e r e  c a r r i e d  out u s i n g  the  bes t  
m a t h e m a t i c a l  p r o c e d u r e s  a v a i l a b l e  to p rov ide  c o n t o u r s  at e v e r y  0 .01  
in  Mach  n u m b e r .  

2.4 TEST SECTION 

The  r e m o v a b l e  16 by 16 by 40 ft t e s t  s e c t i o n  is  m a d e  up of two 
c a r t s ,  e ach  20 ft in l eng th ,  wh ich  can be a r r a n g e d  wi th  e i t h e r  c a r t  in 
the  f ron t  o r  r e a r  pos i t ion .  A t h i r d  c a r t  is  p r o v i d e d  to a l low m o r e  
r a p i d  changes  f r o m  one type  of m o d e l  suppor t  s y s t e m  to ano the r .  A 
s t ing  su p po r t  s y s t e m  is i n s t a l l e d  in one ca r t ,  a v e r t i c a l  p i t ch  t ab le  in 
a s econd ,  and a s i dewa l l  b a l a n c e  is  to be i n s t a l l e d  in the  th i rd .  T h e s e  
l a t t e r  two i n s t a l l a t i o n s  can  be f a i r e d  o v e r  to  a l low e i t h e r  of t h e s e  c a r t s  
to be u s e d  as  an emp ty  ca r t  in con junc t ion  with one  of the  o t h e r  s u p p o r t  
s y s t e m s .  F o r  the  c a l i b r a t i o n  work  r e p o r t e d  h e r e ,  the  c a l i b r a t i o n  p r o b e  
was  i n s t a l l e d  in one of t h e s e  c a r t s ,  i n s t a l l e d  in the  f o r w a r d  pos i t ion ,  
wi th  an e m p t y  ca r t  in the  r e a r  pos i t ion .  

The  a i r - s i d e  s u r f a c e s  of t h e s e  c a r t s  a r e  m a d e  up of s t a i n l e s s  s t e e l  
pane l s ,  with i n s e r t s  p r o v i d e d  fo r  w a t e r - c o o l e d  e n c l o s u r e s  fo r  l i gh t ing ,  
t e l e v i s i o n ,  and m o t i o n  p i c t u r e  c a m e r a  i n s t a l l a t i ons .  The  top  and bo t t om 
t e s t  s e c t i o n  wa l l s  a r e  p e r m a n e n t l y  se t  16 ft apar t  and p a r a l l e l .  The  s i d e  
wa l l s  can  be c o n v e r g e d  o r  d i v e r g e d  e i t h e r  as s t r a i g h t  40- f t  wa l l s  e x t e n d -  
ing the  ful l  t e s t  s e c t i o n  l eng th ,  o r  as 20-f t  pane l s ,  a l l owing  d i f f e r e n t  
c o n v e r g e n c e  or  d i v e r g e n c e  fo r  the  f ron t  and r e a r  c a r t s .  F o r  the  c a l i b r a -  
t ion  w o r k  p r e s e n t e d  h e r e ,  the  s ide  wa l l s  w e r e  d i v e r g e d  28 m i n u t e s  
t h roughou t  the  t e s t  s ec t ion .  

3 
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2.5 VARIABLE GEOMETRY DIFFUSER 

The d i f fuser  s y s t e m  is composed of a va r i ab l e  g e o m e t r y  d i f fuser  of 
r e c t a n g u l a r  c r o s s  sect ion approx imate ly  100 ft in length followed by a 
f ixed d i f fuser  which also includes the t r ans i t i on  f r o m  r e c t a n g u l a r  to 
c i r c u l a r  c r o s s  sect ion.  The va r i ab le  g e o m e t r y  d i f fuser  has  fixed, 
pa ra l l e l  top and bot tom walls  spaced  16 ft apa r t ,  and movable  side wal l s  
made  up of five s t r a igh t  sect ions  hinged together." The u p s t r e a m  s e c -  
tion is app rox ima te ly  24 ft long, followed by panels  of 20, 160 and 16 it, 
while the d o w n s t r e a m  sect ion is app rox ima te ly  24 ft long with a s l iding 
joint to provide  the change in length r e q u i r e d  as the side wal ls  a re  
moved to d i f ferent  posit ions.  By the use  of hydrau l i c  ac tua to r s ,  the 
d i f f u s e r - t o - t e s t  sec t ion  a r e a  ra t io  can be i n c r e a s e d  to al low s u p e r -  
sonic  flow to become  es tabl ished,  and can then be d e c r e a s e d  to improve  
the d i f fuser  eff ic iency,  allowing a reduc t ion  in the tunnel p r e s s u r e  r a t io  
r e q u i r e d  to ma in ta in  superson ic  flow. 

2,6 CALIBRATION EQUIPMENT 

The device se lec ted  for  the a i r - f l ow  ca l ib ra t ion  of the tes t ing r e -  
gion of the t e s t  sec t ion  and nozzle was a s t r u t - s u p p o r t e d  t r a v e r s i n g  
probe ut i l iz ing an eight-foot  r ake  with nine in s t rumen ta t ion  sockets  
one foot apar t .  This  r ake  is  shown in Fig.  2. Because  of the usual  
c o m p r o m i s e s  be tween  s~reng~h and blockage,  the length of t r ave l  of 
the r a k e  ac tua to r  was l imi ted  to e leven feet .  As a r e su l t ,  four  probe 
locat ions  in the t e s t  sec t ion plus a 10-ft probe extension were  r equ i r ed  
to s u r v e y  the d e s i r e d  length of app rox ima te ly  50 ft. T h ~  extension was 
l imi ted  t a  one ing t rumenta t ion  socket  only, on the tunuel oenterl~ne. 

Fou r  basic types  of da ta  were  de s i r ed  f r o m  the ca l ib ra t ion  probe 
su rveys ;  these  were  tes t  sec t ion Mach number ,  flow angular i ty ,  and 
s tagnat ion  t e m p e r a t u r e  dis t r ibut ions  and nozzle s tagnat ion  p r e s s u r e  
r e c o v e r y .  Two types  of probes  were  provided to fit  the r a k e  in s t ru -  
menta t ion  socke t s  t o  obtain these  m e a s u r e m e n t s .  The s imp le s t  of 
these ,  a pitot p r e s s u r e  and s tagnat ion  t e m p e r a t u r e  probe,  combined 
a single pitot tube and a Rosemount  Model 103-3 h /gh - r e sponse  t r i p l e -  
shie lded p r e c i s i o n  thermocouple  in one probe a s sembly .  Unfortunately,  
the l ife of these  the rmocouples  proved to be quite shor t  because  of 
pa r t i c l e  b o m b a r d m e n t  in the tunnel,  r e su l t i ng  in broken w i r e s  at the 
m e a s u r i n g  junction. As a r e su l t ,  v e r y  l i t t le  val id  t e m p e r a t u r e  da ta  
were  obtained with these  probes .  

The second type of probe designed for  use  on the r a k e  was the 
pi tot -wedge probe.  In using this probe,  p i t o t - p r e s s u r e  m e a s u r e m e n t s  
were  made  ahead  and behind a shock wave or ig inat ing f r o m  the leading 

4 



AEDC-TDR.62-55 

edge  of a p r e c i s i o n  wedge  of known g e o m e t r i c  angle .  'An  i t e r a t i o n  
p r o c e s s ,  d e s c r i b e d  in the  Appendix ,  m a d e  it p o s s i b l e  to ca l cu l a t e  the  
e f fec t ive  wedge  ang le  and the  t r u e  l o c a l  Mach n u m b e r  f r o m  t h e s e  pi tot  
m e a s u r e m e n t s ,  and once th i s  is  known,  the  n o z z l e  s t a g n a t i o n  p r e s s u r e  
r e c o v e r y  could  be d e t e r m i n e d .  Sta t ic  p r e s s u r e  o r i f i c e s  on the  wedge  
s u r f a c e s  p r o v i d e d  a m e a n s  of m e a s u r i n g  l o c a l  f low a n g u l a r i t y  a f t e r  the  
wedge  s e n s i t i v i t y  had b e e n  c a l i b r a t e d  in a n o t h e r  wind tunnel .  B e c a u s e  
of the r e l a t i o n s h i p  b e t w e e n  wedge  angle  and wave  ang l e  as a func t ion  of 
Mach n u m b e r ,  a f i x e d - g e o m e t r y  p i t o t - w e d g e  p r o b e  can  be u s e d  only  fo r  
a l i m i t e d  r a n g e  of f r e e - s t r e a m  Mach n u m b e r s .  To c o v e r  the  r a n g e  of 
Mach n u m b e r s  r e q u i r e d  for  th i s  c a l i b r a t i on ,  p r o b e s  w e r e  f a b r i c a t e d  
with n o m i n a l  w e d g e  h a l f - a n g l e s  of 7, 10, and 20 deg.  The  p e r t i n e n t  
d i m e n s i o n s  fo r  t h e s e  p robes  a r e  shown in  Fig.  3. 

P r e s s u r e  l e a d s  f r o m  the  p robe  s o c k e t s  w e r e  r o u t e d  to a w a t e r -  
coo led  i n s t r u m e n t  c o m p a r t m e n t  i n s t a l l e d  in the a c t u a t o r  boom,  w h e r e  
the  p r e s s u r e s  w e r e  m e a s u r e d  by m e a n s  of d i f f e r e n t i a l  p r e s s u r e  t r a n s -  
d u c e r s ,  r e f e r e n c e d  to a nozz l e  s t a t i c  p r e s s u r e  n e a r  the  th roa t .  S o l e -  
noid  v a l v e s  in the  c o m p a r t m e n t  a l l owed  r e m o t e  s w i t c h i n g  of p r e s s u r e  
c o n n e c t i o n s  to check  on t r a n s d u c e r  c a l i b r a t i o n s  and z e r o  sh i f t s .  T h e r m o -  
couple  l e a d s  f r o m  the  r a k e  s o c k e t s  w e r e  rou t ed  d i r e c t l y  to i n s t r u m e n t s  
ou t s ide  the  t unne l  a long with the  e l e c t r i c a l  l e a d s  f r o m  the  t r a n s d u c e r s .  

A r e t r a c t a b l e  p robe ,  shown in the  u p p e r  p o r t i o n  of F ig .  2 in the  e x -  
t e n d e d  pos i t ion ,  was  p r o v i d e d  at Sta. - 1 2 . 9  in the  n o z z l e  c e i l i n g  as  a 
p e r m a n e n t l y  i n s t a l l e d  tool  for  c h e c k i n g  the  n o z z l e  Mach  n u m b e r .  N o r -  
m a l l y  f lu sh  wi th  the  n o z z l e  wall  to p r o v i d e  no d i s t u r b a n c e  to  the  a i r f low,  
th i s  p robe  could  be ex t ended  a p p r o x i m a t e l y  30 i n c h e s  to  ob ta in  a pi tot  
p r e s s u r e  m e a s u r e m e n t .  Th i s  p robe  could  a l so  be s e t  to  any d e s i r e d  
pos i t i on  b e t w e e n  i ts  l i m i t s ,  p r o v i d i n g  a m e a n s  of m e a s u r i n g  the  b o u n d a r y  
l a y e r  p ro f i l e  at  th i s  loca t ion .  

In o r d e r  to  eva lua t e  the  da ta  ob ta ined  du r ing  th i s  c a l i b r a t i on ,  it was  
i m p o r t a n t  to know the  s p e c i f i c  h u m i d i t y  of the  a i r  in the  tunne l .  A G e n -  
e r a l  E l e c t r i c  f r o s t i n g - m i r r o r  dew point  i n d i c a t o r  was  the  p r i m a r y  in -  
s t r u m e n t  u s e d  for  h u m i d i t y  m e a s u r e m e n t s ,  u s ing  a s a m p l i n g  l ine  c o n -  
n e c t e d  to the  s t i l l i n g  c h a m b e r  u p s t r e a m  of the  nozz l e .  An A l n o r  dew 
point  i n d i c a t o r  was  o c c a s i o n a l l y  u s e d  fo r  c o m p a r a t i v e  p u r p o s e s .  

A l i m i t e d  n u m b e r  of wal l  s t a t i c  p r e s s u r e  o r i f i c e s  w e r e  p r o v i d e d  in 
the  n o z z l e ,  t e s t  s ec t ion ,  and v a r i a b l e  g e o m e t r y  d i f fu se r .  T h e s e  w e r e  
c o n n e c t e d  to m a n o m e t e r s  in the  con t ro l  r o o m  u s i n g  Uni ty  oil  and T B E  
as m e a s u r i n g  f lu ids .  Al though t h e s e  b o a r d s  w e r e  p h o t o g r a p h e d  as a 
m a t t e r  of r e c o r d ,  t h e i r  p r i m a r y  p u r p o s e  was  to  a id  in  m o n i t o r i n g  f low 
e s t a b l i s h m e n t  and b reakdown.  B e c a u s e  of the  s low r e s p o n s e  of the  
m a n o m e t e r  d i sp lay ,  c a u s e d  by the  d i s t a n c e  invo lved  and the  low p r e s -  
s u r e s  to be m e a s u r e d ,  a m o r e  r e s p o n s i v e  i nd i ca t i on  of d i f fu se r  f low 
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condit ions was des i red .  This  was provided by ins ta l l ing  twelve  t r a n s -  
ducer  a s s e m b l i e s  in the dtffumer at  approx ima te ly  4- f l  ~t;ervnl,,. Theme 
a s s e m b l i e s  were  designed so that  one side of the t r a n s d u c e r  was vented 
to a h i g h - r e s p o n s e  or i f ice  in the di f fuser  wall,  while the o ther  s ide was 
highly damped. By viewing the t r a n s d u c e r  outputs on a dynamic  moni to r ,  
incipient  f low-breakdown could be detected,  and s teps  could be taken to 
prevent  it. 

All of the i n s t rumen ta t ion  inputs defining tunnel condi t ions  and ca l i -  
b ra t ion  m e a s u r e m e n t s  were  fed into the ERA 1102 digi ta l  compute r  
through the pe rmanen t  da ta-handl ing  sys tem.  P a r a m e t e r s  which were 
needed i m m e d i a t e l y  fo r  t e s t - m o n i t o r ~  were ca lcula ted  on- l ine  and 
tabula ted and plotted in the cont ro l  room.  Inputs r e q u i r e d  fo r  the more  
e labora te  ca lcu la t ions  were  punched on tape and fu rn i shed  to the IBM 
7070 digital  compute r  for  off- l ine  calcula t ions .  

3.0 PROCEDURE 

3.1 TUNNEL OPERATION 

During th is  ca l ib ra t ion  per iod ,  two-,  t h r e e - ,  and f o u r - c y l i n d e r  
~ p r e u o r  c ~ r a t i o n s  were  u t i l i zed  in opera t ing  at nozzle  s e t t h ~ s  
f r o m  1.50 to 3.50.  Supersonic  flow was es tab l i shed  at r e l a t i v e l y  low 
s tagnat ion  p r e s s u r e s ,  and the va r i ab l e  geomet ry  d i f fuser  was then ad-  
jus ted  to a m o r e  eff icient  opera t ing  contour,  allowing tunnel  p r e s s u r e  
r a t i o  to be reduced.  Only a l i m i t e d  amount of t ime was ava i lab le  for  
evaluat ing d i f fuser  pe r fo rmance ,  and hence the se t t ings  used  during 
t h ~  per iod  do not r e p r e s e n t  opt imum use of this diffuser .  In genera l ,  
the d i f fuser  was evaluated only to the extent r equ i r ed  to obtain  the t e s t  
sec t ion  condit ions des i red  for  ca l ibra t ion .  Once flow was e s t ab l i shed  
and the d i f fuser  set ,  tunnel p r e s s u r e  was set  to the d e s i r e d  value ,  and 
the tunnel  humidi ty  was reduced  as much as poss ib le  before  the  cal i -  
b ra t ion  su rveys  were  begun. 

3.2 CALIBRATION PROCEDURE 

In the ca l ib ra t ion  per iod  dur ing which the data r e p o r t e d  h e r e i n  were  
obtat_ned, the t r a v e r s i n g  probe a s s e m b l y  was ins ta l led  in two t e s t  s ec -  
t ion loca t ions ,  surveying  the t e s t  a r e a  f rom Tunnel Stat ion +1 in the t es t  
sec t ion  to Tunnel  Station -19 in the nozzle.  The s ame  bas i c  p rocedure  
was followed in obtaining data at both locat ions .  The r ake  conf igura t ion  
se lec ted  had pi tot-wedge probes  ins ta l l ed  in the cen te r  and two outboard 
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s o c k e t s ,  with s ix  p i t o t - t e m p e r a t u r e  p r o b e s  in the  r e m a i n i n g  s i x  s o c k e t s ,  
( s ee  F ig .  2). The  wedge  angle  of the  i n s t a l l e d  p i t o t - w e d g e  p r o b e s  was  
s e l e c t e d  to  m a t c h  the  r a n g e  of Mach  n u m b e r s  to be s u r v e y e d ;  at s o m e  
Mach n u m b e r s  it was  p o s s i b l e  to  use  e i t h e r  of two wedges ,  and bo th  
w e r e  u s e d  as of ten  as p o s s i b l e  to  obta in  c o r r e l a t i o n  data.  The  m a j o r i t y  
of the  c a l i b r a t i o n  da ta  w e r e  ob ta ined  wi th  the  r a k e  v e r t i c a l ,  a l though  
s o m e  da ta  w e r e  ob ta ined  wi th  the  h o r i z o n t a l  conf igura t ion .  L i k e w i s e ,  
the  w e d g e s  w e r e  o r i e n t e d  v e r t i c a l l y  f o r  m o s t  of the  t e s t i n g ,  m e a s u r i n g  
l a t e r a l  f l o w - a n g l e  dev ia t ions .  Th i s  o r i e n t a t i o n  was s e l e c t e d  b e c a u s e ,  
wi th  a n o z z l e  hav ing  c o n t o u r e d  s i d e  wa l l s ,  it was  fe l t  that  t he  g r e a t e r  
f l o w - a n g l e  dev i a t i ons  would  occu r  in t h i s  p lane.  

A t t e m p t s  w e r e  m a d e  to obta in  c a l i b r a t i o n  da ta  at p r e s s u r e  l e v e l s  
of 250, 500, and 1000 psf. R e s u l t s  at 250 psf  w e r e  d i s c o u r a g i n g  b e -  
cause  of i n s t r u m e n t a t i o n  i n a c c u r a c i e s  and the  inab i l i ty  to  m a i n t a i n  the  
d e s i r e d  s p e c i f i c  humid i ty .  R e a s o n a b l e  r e s u l t s  w e r e  ob ta ined  at 500 
and 1000 psf,  wi th  1000 psf  p r e f e r r e d  b e c a u s e  of i n c r e a s e d  i n s t r u m e n t a -  
t ion  a c c u r a c y .  

Once  f low had b e e n  e s t a b l i s h e d ,  the  p r e s s u r e  l e v e l  se t ,  and  a s a t i s -  
f a c t o r y  h u m i d i t y  l e v e l  had  b e e n  ach i eved ,  a c a l i b r a t i o n  s u r v e y  was  m a d e  
by e x t e n d i n g  the  t r a v e r s i n g  p r o b e  in i n c r e m e n t s  of 0 .5  fee t ,  wi th  a s h o r t  
pause  a f t e r  e a c h  m o v e m e n t  to  a l low the  p r e s s u r e  i n s t r u m e n t a t i o n  to  s t a -  
b i l i ze .  A f t e r  t ak ing  data  at the  ful ly e x t e n d e d  pos i t ion  a check  point  was  
ob ta ined  at the  ful ly r e t r a c t e d  p o s i t i o n  to check  f o r  i n s t r u m e n t a t i o n  dr i f t .  
In add i t i on  to the  t r a v e r s i n g  p robe  data ,  add i t iona l  da ta  po in ts  w e r e  ob-  
t a i n e d  at both  ends  of the  s u r v e y  with the  r e t r a c t a b l e  p robe  fu l ly  
ex tended .  

S u rv eys  of the  type d e s c r i b e d  above w e r e  ob ta ined  at n o m i n a l  n o z z l e  
M a c h n u m b e r s  of 1 .50,  1 .60 ,  1 .75,  2 .00 ,  2 .25 ,  2 .50 ,  2 .75 ,  3 .00 ,  3 .25 ,  
and 3 .50 .  At the  t i m e  of t h i s  c a l i b r a t i o n ,  Mach  n u m b e r s  above  3 . 5 0  
could  not be a c h i e v e d  wi th  any g r e a t  d e g r e e  of s u c c e s s .  (Subsequen t  
s tudy  of the  d i f f u s e r  p e r f o r m a n c e  has  r e s u l t e d  in  the  a c h i e v e m e n t  of 
Mach  n u m b e r s  up to 4 .0 ,  but no c a l i b r a t i o n  data  have  b e e n  ob ta ined  at 
t h e s e  cond i t ions .  ) 

3.3 DATA REDUCTIOH PROCEDURE 

Two d ig i ta l  c o m p u t e r s  w e r e  u s e d  fo r  the  data  r e d u c t i o n  p r o g r a m .  
An ERA 1102 was u t i l i z e d  fo r  o n - l i n e  ca l cu l a t i ons ,  whi le  an IBM 7070 
was u t i l i z e d  fo r  the  m o r e  t i m e  c o n s u m i n g  ca l cu l a t i ons  which  w e r e  c a r -  
r i e d  out o f f - l ine .  C o n v e r s i o n  of p r e s s u r e  and t e m p e r a t u r e  m e a s u r e -  
m e n t s  in to  s t a n d a r d  e n g i n e e r i n g  uni ts  was  a c c o m p l i s h e d  in the  c o n v e n -  
t iona l  m a n n e r  u s ing  p r e d e t e r m i n e d  i n s t r u m e n t  c a l i b r a t i o n  data.  The  
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m o r e  complex  ca lcula t ions  involving Maah number  a re  explained below.  

An a p p r o ~ m a ~ i o n  to the  no,- real-shock acRabatin flow z ' t l a t ~ h L p  

p t . . .  ("-:,, + s'~ ~ / 'M: , , -Z )  ~ 

was used  to ca lcula te  the i sen t roptc  nozzle  Mach number  determLned 
by each p t t c t - p r e s s u r e  m e a s u r e m e n t .  This  approximat ion r e q u i e m  
l e s s  compute r  t tme  for  solut ion than the exact  re la t ionship  and has  a 
Mach number  e r r o r  of l e s s  than 0.001.  The approximat ion is  as  
follows: 

\ ~ t , ~ /  \ ~ t , ~ /  \ ' t , ~ /  \~L,~ /  Ml,l m, 

\~ ~,~/ \ ~ , ~ /  \ ~ , 1 /  \ ~ t , 1 /  
The conatants  fo r  th is  equation a r e  given below: 

a 0 = 1 . 0 0 1 8 1 0 x 1 0 0  b0 = 1 . 5 5 9 6 1 9 x 1 0  "1 
a I = - 3 . 6 5 0 4 8 0 x 1 0 0  b l  = 8 . 7 7 4 6 6 2 z i 0  "1 
a2 = i. 911036 x I00 b2 =-I. 042554  x i00 
a S = g. 588178 x 10-1 b3 =-1. 693207 x 10 "1 
a 4 = 0 b4 = 1 . 2 2 1 1 3 8  x 10 -3  

These  constants  a r e  yal id  for  the Mach number  range  f rom 1.45 to 
4 .00 .  

The t rue  local  Mach number  was obtained f r o m  pitot-wed&e p robe  
m e a s u r e m e n t s  us ing  an i t e ra t ion  p rocedure  which is outlined in the  
Appendix. When the t rue  local  M a t h  number  ~ known, the no~sde n tag-  
nat ion p r e s s u r e  r e c o v e r y  can be obtained f r o m  the r e l a t ~ n s h i p  below: 

t,e / "6M~ s 6 \ P t , 0 . /  
) 

4.0 RESULTS AND DISCUSSION 

The r e s u l t s  obtained durtz~ the ca l ib ra t ion  p r o g r a m  a r e  p r e s e n t e d  
the f o r m  of axia l  d is t r ibut ions  of Mach number  and flow m i s a l i g u m e n t  

and in the f o r m  of ca l ib ra t ion  p a r a m e t e r s  r e q u i r e d  in o r d e r  to u t i l ize  
the r e s u l t s  for  n o r m a l  t e s t - d a t a  reduct ion  p r o g r a m s .  In p re sen t ing  the 
a ~ a l  d i s t r ibu t ions ,  da ta  obtained at the two different  probe pos i t ions  a r e  
d is t inguished by the use  of different  symbols ,  making poss ib le  a c o m p a r i -  
son in the over lap  r eg ion  between tunnel s ta t ions  -8 and -10. Var i a t i ons  
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of the  t r u e  l o c a l  Mach n u m b e r ,  c a l c u l a t e d  f r o m  p i t o t - w e d g e  p r o b e  m e a s -  
u r e m e n t s  a long the  tunne l  c e n t e r l i n e ,  a r e  shown  in Fig .  4. T h e s e  d i s -  
t r i b u t i o n s  show m a x i m u m  v a r i a t i o n  of +0 .02  in Mach  n u m b e r  o v e r  the  
t w e n t y - f o o t  l eng th  s u r v e y e d .  In m o s t  c a s e s ,  a g r e e m e n t  in the  o v e r l a p  
r e g i o n s  was  qui te  good. F i g u r e  5 p r e s e n t s  c o r r e s p o n d i n g  d i s t r i b u t i o n s  
of the  Mach  n u m b e r s  which  a r e  ob ta ined  if n o z z l e  p r e s s u r e  l o s s e s  a r e  
n e g l e c t e d ,  in which  case  the  Mach  n u m b e r  can be d e t e r m i n e d  f r o m  the  
r a t i o  of m e a s u r e d  pitot  p r e s s u r e  in the  t e s t  s e c t i o n  to s t i l l i n g  c h a m b e r  
p r e s s u r e .  The  Mach  n u m b e r s  d e t e r m i n e d  in t h i s  m a n n e r  a r e  s l i g h t l y  
h i g h e r  than  t h o s e  d e t e r m i n e d  f r o m  the  p i t o t - w e d g e  p r o b e  m e a s u r e m e n t s ,  
b e c a u s e  of the  n e g l e c t e d  p r e s s u r e  loss~ but p r o v i d e  a b a s i s  f o r  c o m p a r i -  
son  of the  o f f - c e n t e r l i n e  m e a s u r e m e n t s  ob ta ined  wi th  s i m p l e  p i to t  tubes .  

F i g u r e s  6 and 7 p r e s e n t  o f f - c e n t e r l i n e  Mach  n u m b e r  d i s t r i b u t i o n s  
ob ta ined  wi th  the  e igh t - foo t  r a k e  o r i e n t e d  both  v e r t i c a l l y  and h o r i z o n t a l l y .  
The  da ta  p r e s e n t e d  a r e  typ ica l  of t h o s e  ob ta ined  th roughou t  the  Mach  
n u m b e r  r a n g e  of the  i n v e s t i g a t i o n  and show m a x i m u m  v a r i a t i o n s  of +0 .01  
in Mach  n u m b e r  o v e r  the  e igh t - foo t  span  of the  r a k e .  

F i g u r e  8 p r e s e n t s  the  r e s u l t s  of f low m i s a l i g n m e n t  m e a s u r e m e n t s  
at the  t unne l  c e n t e r l i n e  wi th  the  wedge  o r i e n t e d  to s e n s e  f low ang le  
v a r i a t i o n s  in the  l a t e r a l  d i r e c t i o n .  The  l a r g e s t  v a r i a t i o n s  o v e r  the  s u r -  
v e y e d  l eng th ,  as wel l  as  the  l a r g e s t  a v e r a g e  m i s a l i g n m e n t ,  o c c u r r e d  at 
the  l o w e s t  Mach n u m b e r s ,  with g r a d u a l  d e c r e a s e s  in both  q u a n t i t i e s  as  
Mach  n u m b e r  was  i n c r e a s e d .  At a n o z z l e  s e t t i n g  of 1 .50,  t he  a v e r a g e  
m i s a l i g n m e n t  was 0 .70  deg  wi th  v a r i a t i o n s  of +0.50 deg, wh i l e  at 3 .50 ,  
the  a v e r a g e  m i s a l i g n m e n t  was  0 .15  deg  wi th  v a r i a t i o n s  of ±0 .10  deg  
o v e r  the  s u r v e y e d  length .  

B e c a u s e  th i s  c a l i b r a t i o n  p r o g r a m  was t e r m i n a t e d  p r i o r  to  c o m p l e -  
t ion,  the  r e s u l t s  of the  o f f - c e n t e r l i n e  f low m i s a l i g n m e n t  m e a s u r e m e n t s  
a r e  i n c o m p l e t e ;  t h o s e  m e a s u r e m e n t s  wh ich  w e r e  ob ta ined  a r e  s h o w n  in 
Fig.  9. M e a s u r e m e n t s  of the  l a t e r a l  f low m i s a l i g n m e n t  angle ,  A~, 
m a d e  e a s t  and wes t  of the  tunne l  c e n t e r l i n e  (F igs .  9a and b) s h o w  tha t  
the  f low qua l i ty  on the  w e s t  s ide  did not d i f f e r  g r e a t l y  f r o m  the  c e n t e r -  
l i ne  m e a s u r e m e n t s  excep t  fo r  m o r e  n o t i c e a b l e  g r a d i e n t s  at the  h i g h e r  
Mach n u m b e r s ,  whi le  on the  e a s t  s ide  the  m e a s u r e m e n t s  at n o z z l e  
s e t t i n g s  of 2 .75  and be low showed  l a r g e  d e v i a t i o n s  and l a r g e  a v e r a g e  
va lue s  of m i s a l i g n m e n t .  The  a v e r a g e  m i s a l i g n m e n t  i n c r e a s e d  as the  
Mach  n u m b e r  was  d e c r e a s e d ,  app roach ing  four  d e g r e e s  at a n o z z l e  
s e t t i n g  of 1.50.  F i g u r e s  9c and d show A¢, m e a s u r e m e n t s  o b t a i n e d  
above and be low the  tunne l  c e n t e r l i n e ,  w h e r e  the  v a l u e s  a r e  s i m i l a r  to 
t hose  m e a s u r e d  at the  c e n t e r l i n e .  Only two s u r v e y s  w e r e  m a d e  in  
which  A~, the  v e r t i c a l  m i s a l i g n m e n t ,  was  m e a s u r e d .  T h e s e  w e r e  ob-  
t a ined  at r e d u c e d  s t a g n a t i o n  p r e s s u r e ,  when  the  i n s t r u m e n t a t i o n  s e n -  
s i t i v i t y  was  m a r g i n a l ,  but showed  that  the  a v e r a g e  m i s a l i g n m e n t  in 
th i s  p lane  was n e a r  z e r o  at the  two Mach  n u m b e r s  s u r v e y e d .  
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In examining  the flow mi sa l i gnmen t  r e su l t s ,  two a r e a s  of conce rn  
were  noted. F i r s t ,  m e a s u r e m e n t s  at  the tunnel cen te r l iue  hu i i ca t ed  
that  the ave rage  misa l ignmen t  as well  as the axial  va r i a t i ons  i n c r e a s e d  
as the nozzle  Mach number  was dec reased .  Secondly~ m e a s u r e m e n t s  
obtained four  feet  eas t  of the cen te r l i ne  indicated a rapid  d e t e r i o r a t i o n  
of flow qual i ty  in this  r eg ion  below a nozzle  se t t ing of 2.75. Two 
phys ica l  c h a r a c t e r i s t i c s  of the nozzle  probably  contr ibute to t hese  p rob-  
l ems .  As the nozzle Mach number is reduced, the length of the shock 
cance l l a t ion  r eg ion  of the contour  d e c r e a s e s ,  resu l t ing  in f ewer  j acks  
ava i lab le  to shape th is  c r i t i ca l  por t ion  of the nozzle.  This  p robab ly  
con t r ibu tes  to the cen te r l ine  va r i a t i ons  at the lower  Mach number s .  A 
probab ly  m o r e  p redominan t  f ac to r  both on and off the cen t e r l i ne  is  the 
d e c r e a s e  in con t rac t ion  r a t i o  as the nozzle  Mach number  is reduced.  
Th/s  d e c r e a s e  in con t rac t ion  r a t io  al lows the flow condit ions ahead of 
the nozzle  th roa t  to have inc reas ing  inf luence on the flow d o w n s t r e a m  
of the throat .  It is poss ib le  that a flow prob lem resu l t ing  f r o m  the 
c o r n e r  jus t  u p s t r e a m  of the nozzle may  be the source  of the l a r g e  l a t -  
e r a l  flow mi sa l i gnmen t  m e a s u r e d  eas t  of the centerline~ and study of 
th is  poss ib i l i t y  is underway. 

The ave rage  cen te r l ine  pi tot -wedge Mach number ,  M 1, r e s u l t i n g  
f r o m  each of the nozzle  contours  su rveyed  during this ca l ib ra t ion ,  
was r e l a t e d  to . the  nozzle  contour number ,  NM0 by using the d i f f e r -  
ence~ ( N  M - M1), as the p r i m a r y  ca l ib ra t ion  pa r ame te r .  Since the  noz- 
ale  con tours  r e p r e s e n t  a f ami ly  of a s soc i a t ed  shapes,  the v a r i a t i o n  of 
th is  p a r a m e t e r  with nozzle contour number  should be a cont inuous func-  
tion. F igure  10 p re sen t s  a s u m m a r y  of the Mach number  c a l i b r a t i o n  
r e s u l t s  obtained dur ing this  inves t iga t ion  and the fa i red  curve  se l ec t ed  
to r e p r e s e n t  these  r e s u l t s  in  reduc ing  future  t e s t  r e su l t s .  The  sy=~ls 
used  show the probe  posi t ions ,  rake  o r i en ta t ions ,  and wedge ha l f - ang le s  
used in obtaining these  r e su l t s  and a l so  d is t inguish  between, the  r e s u l t s  
obtained at n o r m a l  s tagnat ion  t e m p e r a t u r e s  of 200 to 300aF and those  
obtained us ing the high s tagnat ion  t e m p e r a t u r e  range  of 250 to 550°F. 

The r a t i o  of the tota l  p r e s s u r e  in the t e s t  sec t ion  to an ave rage  
s t a t i c  p r e s s u r e  in the s tf l / ing chamber ,  cal led the nozzle  p r e s s u r e  r e -  
c o v e r / ,  is  shown in Fig. 11 as a funct ion of the nozzle contour  number .  
The lo s s  in tota l  p r e s s u r e  between the s t i l l ing  chamber  and the t e s t  
s ec t i on  is caused by an accumula t ion  of unavoidable  nozzle  i m p e r f e c -  
t ions  and condensa t ion  effects  r e su l t i ng  f r o m  the spec i f ic  humid i ty  
condi t ions  during th is  invest igat ion.  In addit ion to these  l o s s e s ,  the 
p r e s s u r e  r e c o v e r y  a lso  r e f l ec t s  the sma l l  t o t a l P r e s s u r e  e r r o r  caused 
by the diffe~er~ce between the average  s t i l l ing  chamber  tota l  Pres,~ure 
and the  average  s t i l l ing  chamber  s t a t i c  p r e s s u r e  which is  used  as a 
b a s i c  input for  opera t ion  of the wind tunnel.  The symbols  u sed  a r e  the 
s ame  as in Fig. 10 and have p rev ious ly  been expla/ned. The f a i r e d  

10 



AE DC-TDR*62-55 

cu rve  s e l e c t e d  fo r  u se  in fu tu re  da ta  eva lua t ion  is  shown,  g iv ing  a p r e s -  
s u r e  r e c o v e r y  which  v a r i e s  f r o m  0. 993 at N M = 1.50 to 0. 961 at 
NM = 3 .50.  As a r e s u l t  of the  s c a t t e r  which  m a y  be o b s e r v e d  in  the  t e s t  
r e s u l t s ,  it is  fe l t  tha t  the  u se  of th i s  cu rve  will  r e s u l t  in an u n c e r t a i n t y  
in p r e s s u r e  r e c o v e r y  of ±1 p e r c e n t .  

F i g u r e  12 p r e s e n t s  the  r e l a t i o n s h i p  be tween  the M a c h  n u m b e r  ca l -  
cu la ted  f r o m  the  r e t r a c t a b l e  p i t o t - p r o b e  m e a s u r e m e n t ,  the  n o m i n a l  
nozz l e  p r e s s u r e  r e c o v e r y ,  and the  a v e r a g e  c e n t e r l i n e  M a c h  n u m b e r  
d e t e r m i n e d  f r o m  the  p i t o t - w e d g e  p robe .  The p a r a m e t e r  (M R - M 1) 
can  be u s e d  in  p r e d i c t i n g  the  t r u e  Mach n u m b e r  f r o m  r e t r a c t a b l e  p robe  
m e a s u r e m e n t s  du r ing  fu tu re  t e s t s .  

All  of the  c a l i b r a t i o n  da ta  p r e s e n t e d  w e r e  ob ta ined  at a tunne l  s t a g -  
na t ion  p r e s s u r e  of 1000 psf,  w h i c h  was s e l e c t e d  b e c a u s e  of the  i n s t r u -  
m e n t a t i o n  i n a c c u r a c i e s  at l o w e r  p r e s s u r e s .  Suff ic ient  da ta  w e r e  ob ta ined  
at a s t agna t i on  p r e s s u r e  of 500 psf  to ind ica te  that  the  c h a n g e s  in  c a l i b r a -  
t ion  p a r a m e t e r s  c a u s e d  by chang ing  the  tunne l  p r e s s u r e  l e v e l  w e r e  s m a l l  
enough to be wi th in  the  p r e v i o u s l y  quoted  u n c e r t a i n t i e s  in t h e s e  p a r a m e t e r s .  

E a r l y  in th i s  c a l i b r a t i o n  p r o g r a m ,  the  e f fec ts  of v a r y i n g  the  tunne l  
s p e c i f i c  h u m i d i t y  w e r e  i n v e s t i g a t e d .  It was  found that  as ~e was  r e d u c e d  
by an o r d e r  of m a g n i t u d e  f r o m  0 .01  to  0. 001, n o t i c e a b l e  i n c r e a s e s  w e r e  
ob ta ined  in the  n o z z l e  p r e s s u r e  r e c o v e r y  and the  m e a s u r e d  p i t o t - w e d g e  
Mach n u m b e r  at a g iven  n o z z l e  contour .  T h e s e  e a r l y  s t u d i e s  i n d i c a t e d  
that  t h e r e  was  a l i m i t i n g  va lue  of Oo n e a r  0. 001 ( d e c r e a s i n g  s l i gh t ly  wi th  
i n c r e a s i n g  Mach n u m b e r ) ,  be low which  the  e f fec ts  of ~o c h a n g e s  w e r e  
a l m o s t  neg l ig ib l e .  B a s e d  on th i s  i n f o r m a t i o n ,  the  c a l i b r a t i o n  da ta  w e r e  
ob ta ined  at the  s p e c i f i c  h u m i d i t y  l e v e l s  shown in Fig.  13. B e c a u s e  t h e s e  
va lue s  of Oo a p p r o a c h  the  l i m i t  of the  tunne l  d ry ing  capab i l i ty ,  the  s c a t t e r  
shown in Fig. 13 was  a r e s u l t  of the  day to day d r y i n g  capabi l i ty .  The  
c a l i b r a t i o n  r e s u l t s  p r e s e n t e d  in th i s  r e p o r t  r e p r e s e n t  the  cond i t ions  
which  wil l  ex i s t  in  the  t e s t  s e c t i o n  when the  s p e c i f i c  h u m i d i t y  is  in  the  
r a n g e  shown in Fig. 13. Subsequen t  s t u d i e s  have  s h o w n  tha t  the  c a l i b r a -  
t ion  p a r a m e t e r s  wi l l  change  s l i g h t l y  at l o w e r  va lue s  of ao, and as  shown 
e a r l i e r ,  wil l  have  s u b s t a n t i a l  c h a n g e s  at i n c r e a s e d  v a l u e s  of ~o. F u r t h e r  
i n v e s t i g a t i o n  would  be r e q u i r e d  to eva lua te  the c a l i b r a t i o n  p a r a m e t e r s  
th roughou t  the  r a n g e  of v a l u e s  of ao which  migh t  be e n c o u n t e r e d  in t e s t s  
w h e r e  adequa t e  d ry ing  cou ld  not be  p rov ided .  

F i g u r e  14 shows  the  v a r i a t i o n  of s t agna t ion  t e m p e r a t u r e  wi th  nozz l e  
s e t t i n g  du r ing  th i s  c a l i b r a t i o n ,  as d e t e r m i n e d  f r o m  a g r i d  of t h e r m o -  
couples  i n s t a l l e d  on the  u p s t r e a m  s ide  of the  t u rn ing  v a n e s  in the  c o r n e r  
ahead  of the nozz le .  Two t e m p e r a t u r e  r a n g e s  w e r e  i n v e s t i g a t e d .  The  
l o w e r  r a n g e  r e p r e s e n t s  the  n o r m a l  tunne l  o p e r a t i n g  r a n g e  d u r i n g  th i s  

11 
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per iod  and r e p r e s e n t s  the t e m p e r a t u r e  level  made  n e c e s s a r y  by the 
r e q u i r e m e n t  to ma t ch  the c o m p r e s s o r  to the tunnel  r e s i s t a n c e  l ine .  The 
upper  t e m p e r a t u r e  range  is typ ica l  of that  r e q u i r e d  for  s imula t ion  of 
t e m p e r a t u r e s  encounte red  in the a tmosphere .  Below Math  number  2.0,  
low and high t e m p e r a t u r e  se t t ings  were e s sen t i a l l y  the same.  

F igu re  15 p r e sen t s  the unit Reynolds number  v a r i a t i o n  with nozzle  
se t t ing dur ing ca l ib ra t ion ,  based  on 1000 psf s tagna t ion  p r e s s u r e ,  the 
t e m p e r a t u r e s  shown in Fig. 14, and the i s en t rop i c  Mach number  at the 
tunnel  cen te r l ine .  The two curves  a re  a consequence  of the two t e m p e r a -  
ture  r anges  shown in Fig. 14. 

F r o m  a study of the m e a s u r i n g  equipment and the r e su l t s  obtained 
during th is  ca l ib ra t ion ,  the unce r t a in t i e s  in the data  p resen ted  were  
e s t ima ted  fo r  a p robabi l i ty  of 85 percent .  These  unce r t a in t i e s  a re  sum-  
m a r i z e d  in the fol lowing table:  

QUANTITY UNCERTAINTY 

M 1 ±0.02 

Pt, 0 +S psf  

iI , o +o. oi 

Tt, 0 ±5 "F 

% ~:0. 00005 

A~ ±0 .1  dee 

5.0 COHCLU$1ON$ 

The 
r e su l t s :  

fol lowing conclus ions  can be drawn f r o m  these  ca l ib ra t ion  

1. Maximum va r i a t i ons  in cen te r l ine  Mach number  over  
the twenty-foot  length su rveyed  a re  :~0.02. 

2. Of f - cen te r l ine  surveys  both v e r t i c a l l y  and l a t e r a l l y  
agree  with the cen te r l ine  surve>s within  +0.01 in Mach 
number .  

S. L a t e r a l  flow misa l ignmen t  at the cen te r l i ne  is  g rea t e s t  
at the lowest  Ma th  numbers  and d e c r e a s e s  gradual ly  as 
Mach number  is  inc reased ,  with ave rage  values  of 
0 .70 deg at N M = 1.50 and 0.15 deg at N M = S. 50. 

12 
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. 

. 

O f f - c e n t e r l i n e  l a t e r a l  f low m i s a l i g n m e n t  is g r e a t e s t  in 
the  r e g i o n  eas t  of the  tunnel  c e n t e r l i n e ;  f u r t h e r  s t u d i e s  
a r e  r e q u i r e d  to d e t e r m i n e  the  cause  of th i s  m i s a l i g n -  
m e n t  and the  c o r r e c t i v e  m e a s u r e s  r e q u i r e d .  

Nozz le  p r e s s u r e  r e c o v e r y  d e c r e a s e s  wi th  i n c r e a s i n g  
Mach  n u m b e r  f r o m  0. 993 at N M = 1.50 tQ 0. 961 at 
N M = 3 .50  p r o v i d e d  the  s p e c i f i c  h u m i d i t y  is  m a i n -  
t a i n e d  wi th in  the r a n g e  ob ta ined  du r ing  th is  c a l i b r a t i o n  
p r o g r a m .  
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APPENDIX 

DATA REDUCTION EQUATIONS FOR THE PITOT-WEDGE PROBE 

The  t r u e  l oca l  Mach n u m b e r  was ob ta ined  f r o m  p i t o t - w e d g e  p r o b e  
p r e s s u r e  m e a s u r e m e n t s  us ing  a c l o s e d  loop i t e r a t i o n  of the  fo l lowing  
equa t ions .  T h e s e  equa t ions  r e q u i r e  the  a s s u m p t i o n  that  the  f low is  
ad iaba t i c  and b e h a v e s  as a p e r f e c t  gas  with cons tan t  s p e c i f i c  h e a t s  
( v  : 715). 

R e f e r e n c e  3 g ives  the  fo l lowing  r e l a t i o n s h i p  b e t w e e n  Mach  n u m b e r ,  
wedge  angle ,  and shock  wave angle:  

w h e r e  

sin6 ~e + b sin 4 6c + c s in  = 8c + d = O 

]3 = MI= + 2 1.4 s in  = a c  

c 2M~.= + I I I  O'--~lS/ . . . .  + .44 + sin ~ 8c Mt 4 

d = 
col= 8= 

Mt 4 

E q u a t i o n  (1) has  b e e n  s o l v e d  fo r  e c, and the  so lu t ion  is p r e s e n t e d  
in the  fo l lowing  fo rm:  

/1 8c = s in  - i  b 2 - 3 c  cos  + 1 -~ 1 b c -  ~ b s - d. 7 -   oo. 

To obta in  the  so lu t ion  which is  usefu l  h e r e ,  the  bounda ry  cond i t ion  on 
the cos  -1 t e r m  is that  the angle  m u s t  be l e s s  t h a n  7. E q u a t i o n  (5) 
r e p r e s e n t s  an exp l i c i t  e x p r e s s i o n  fo r  s h o c k - w a v e  ang le  as  a func t ion  
of Mach n u m b e r  and the  e f f ec t ive  wedge  angle .  

The  e f f ec t ive  wedge  angle  can be c o n s i d e r e d  as the  s u m  of the  
g e o m e t r i c  wedge  angle  and a s m a l l  equ iva len t  b o u n d a r y  l a y e r  wedge  
angle ,  as fo l lows:  

~.~= 8%+ e 

To a r r i v e  at an e x p r e s s i o n  fo r  c, the  d e t a i l s  of the  wedge  f low 
f i e ld  m u s t  be e x a m i n e d  c lo se ly  as i l l u s t r a t e d  in Fig.  A, as shown  
on the  fo l lowing  page.  

(1) 

(2) 

(3) 

(4) 

J 

(6) 
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Actual Wave ~ A u u . m e d  Equivalent Wave 

/ /  

/ s 
/ / I  -~ _ ~ -~ "~ 3 Equiva lent 

./7'/ j s'o ag w . . .  

Point A xc" Point I 

Fig. A. Detull, oF ~he Wedge Flow Field 

F r o m  Fig. A it is seen  that  the s t r e a m l i n e  enter ing the pitot  tube 
behind the shock f ront  exper iences  an oblique shock loss  governed  
app rox ima te ly  by. the effective wedge sur face  at point B~ a d i s tance  x c 
downs t ream of the ver tex ,  A, m e a s u r e d  along the effect ive wedge s u r -  

• face.  Since the influence of the boundary l a y e r  i s ' a  weak d i s tu rbance ,  
the inc l ina t ion  of l ine BC to the mean  flow d i rec t ion  behind the wave 
can be approx imated  by a Mach line.  The dis tance f r o m  the wedge 
lead ing  edge to the point B may  then be defined in t e r m s  of probe  
g e o m e t r y  and Mach number  by the following re la t ionsh ip :  

x . - h n [ c o t  (Oa - 8c) - q M / - 1  1 

This  length  is  used  a s  the c h a r a c t f ~ s t i c  length  in ca lcu la t ing  the 
boundary  l a y e r  growth on the wedge ran'face. The boundary  l a y e r  
growth is a s sumed  to be the same  as o n a  f lat  plate,  based  on f r e e -  
s t r e a m  condit ions just  c l ea r  of the boundary  l aye r .  An e m p i r i c a l l y  
de t e rmined  exp re s s ion  for  the boundary layer" growth on a f iat  pla te  
is g iven in Ref. 4 as: 

d 3____~* ffi 0.86 (1 + 0.277 Me') .[  Ve 
dx ~ xVa 

(7) 

(8) 

In o r d e r  to r e l a t e  the condit ions c l ea r  of the boundary l a y e r  be-  
hind the  shock f ront  to the f ree  s t r e a m ,  the ca lcula t ions  may  be s i m -  
pl i f ied by using the densi ty  r a t i o  p a r a m e t e r  X, which is defined as 

X ~ p' (9) 
P, 

which, for  ~ = 7/5,  may  be wr i t t en  as 

X = tan ~ 
t .  (eo - 8~) (10) 

J 
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Using Eq. (9) and other  equat ions given in l~ef. 3, the Mach n u m b e r  be-  
hind the wedge shock may  be e x p r e s s e d  as follows: 

M~ 

The veloci ty  behind the shock is given by 

V2 ffi 4 9 . 0 2 ~ /  Ttt  o + 4 5 9 . 6  M2, 
(] + 0.2 M~ ~) 

By e x p r e s s i n g  Eq. (8) in t e r m s  o~' the flow field behind the wedge 
shock, the following e m p i r i c a l  r e la t ionsh ip  can be wr i t t en  for  the 
boundary  l a y e r  wedge tingle: 

(12) 

49.27 (1 + 0.277 M,') (v~ pt.~)~ 
= ; , d e g  

(v ,  =~)~ V Pt,o 
( z 3 )  

Applying Su the r l and ' s  equation (see Ref. 3) for  v i scos i ty ,  

( ) (3.895 x 1 0 - ' ) ( T t ,  o + 4.59.6) ~ (1 + 0.2M22) -z~ (1 + 0.2MI~)~ 
~ P t , ~  = X [ (Vt ,o  + 4S9.6) + (198 .6) (1  + 0.9 M~)] 

The r e m a i n i n g  t e r m s  have been defzned in Eqs.  (7), (10), (11), and 
(12). Since 6g is a m e a s u r e d  quanti ty,  all of the quant i t ies  needed to 
evaluate  Eq. (6) a r e  now known. 

The local  p i to t -wedge Mach number ,  M 1, is  r e l a t e d  to the r a t i o  
of the u i t o t - p r e s s u r e  m e a s u r e m e n t s  ahead and behind the shock,  

w f 
Pt, 1/Pt,  2, and the shock wave angle, 0 c, by the following impl ic i t  
equation: 

M/ -- ( p~'~ / p~'*) ~' x 

r ] ,e'  + 5 + 5 (7,e '  - t )  (p=  + 5) 
L P '  (M~ ~ + s) ~15 M~' ,e+ -SO (,e+ - 1) (7/3~ + 5) 

(14) 

J 

[ '"M' 
L ' ' , '  - ' 5 ( , ~  - 1) ( p '  + ~)  ( 1 5 )  

where  

2 ffi M, ~ s i n  ~ ~c  
(16) 
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To so lve  th i s  equa t ion  an i t e r a t i v e  p r o c e d u r e  was u s e d  w h e r e b y  the 
r i ~ h t - h a n d  s ide  was  s u c c e s s i v e l y  eva lua t ed  unt i l  the  d i f f e r e n c e  b e t w e e n  
c o n s e c u t i v e  so lu t ions  was  l e s s  than  or  equal  to 0. 000005. The  s q u a r e  
roo t  of th i s  so lu t i on  gave  the  f inal  a p p r o a c h  Mach n u m b e r s ,  M1, to an 
a c c u r a c y  of 0. 001 or  b e t t e r .  
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a. Upstream View 
Fig. 2 Supersonic Tunnel Flexible Nozzle, Calibration Rake, 

and Retractable Probe 
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m o a t  d e s i r a b l e  m o d e l  i o e a t i o u s  o c c u r .  Theme s u r v e y s  
w e r e  o b t a i n e d  wi th  • n  e i~h t - fon t  t r e Y • r e / h E  r a k e  u t i l l s i o  E 
p / / o t - w e d ~ e  a n d  p i t o t - t s m p e r a t u r e  pS'Oboa. T h e  d a t a  • b -  
t a h ~ d  f r o m  these mum~eys i n c l u d e d  l s e n t r o p i c - n ~ z l e  
M a t h  n u m b e r  d i s t r / b u t i o n ~  bo th  on  a n d  off  the  e e n t e r l i n e ,  
t rue  l o c a l  M a e h  n u m b e r  determined f r o m  t h e  ]F~Ltnt-wedge 
preboa, n o s z l e  p r e s s u r e  r e c o v e r y ,  a n d  f low mLmalq[nment .  
T h s s e  s u r v e y s  w e r e  c o n d u c t e d  a t  nozz l e  M a t h  n u m b e r s  o f  

© 
1.60, 1.60, 1.7§, | .00,  |.mr,.o 1.50, 3.79, 9.00, 3.35, 

-q. 50 .  ]L~Iul t l  Bhow ~ t  r~ua~ILU~ ~ t c h  n~w~3or 
v a r i a t i o n s  o v e r  the  s u r v e y e d  l eng th  a r e  ~ 0 . 0 3 .  T h e  M a g -  
n a t i o n  p r e s s u r e  r e c o v e r y  t h r o u g h  t h e  nosz l e ,  f o r  t h e  
~ e  o f  a p e • i r i s  h u m i d i t y  oh/aLned d u r i n g  t h i s  p r o E r ~ m ,  
w a r i e d  f r o m  0 . 9 9 3  a t  N m • 1 . 9 0  to  0 . 9 9 1  a t  N m  • 9 . 8 0 .  
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I .  8 a p e r s ~ L c  wind  t u r n . I s  
3. C k ~ r a t i o n  
3.  M a s h  m m a b e r  
4.  P r e s s u r e  
5 .  ~ p e r e c m i c  f low 
6.  M e a s u r e m e n t  
z. c o u t r e c t  A F  4o(eoo)-8oo 

81A s4(e :l-v',,) 
]2. ARO,  Z1se., A r n o l d  A F  S t • ,  

T e n n .  
III. Michole ,  J .  H . ,  Da v ~0  M.  W . ,  

a n d  Oswner0 C.  L . .  J r .  
IV. A v a i l a b l e  f r o m  
V.  ~a A.~J~[A c o l l e c t i o n  

A r n o l d  E ~ l n e e r i z ~  D e v e l o p m e n t  Ce, ,~er  
A r n o l d  A i r  F o r c e  S ta t ioa ,  T e n n e s s e e  
Rpt .  No. AM]X~--TDR-03-56. IN IT IAL  AERODYNAMIC 
CALIBBAT2ON R ~ U L T S  F O R  T ] ~  AJCDC-PWT 1 9 - 3 " r  
SUPERSONIC TUMNEI~ (U). M a r c h  196Z0 53 p. ~ 1  
4 t e rm . ,  i l l u s .  

U n c l a s s i f i e d  R e p o r t  

In l t /s l  a e r o d y n a m i c  ca l~ ra t ion  ot the test ing rea~u of  the  
]PWT 1 6 - F t  Supermonio T u n n e l  c o m b a t e d  s t  s u r v e y s  s t  • 
twe=t3-font Imagth of n o s s l e  a n d  t e a t  meet Loi0. io. w h i c h  the  
m o a t  demi r sb l e  m o d e l  locat ioam o c c u r .  Theme s u r v ~ s  
were obtahmd wi th  a n  eight-foot t ravere iog rake u t i l l z fn  l 
l~nt-wed&~ and p/ tnt - temperature probes. The data ob- 
t a / n e d  f r o m  t h e s e  s u r v e y s  i n c l u d e d  h m u t r o p l c - n o s • l e  
M a s h  n u m b e r  d l ~ x 4 b n t i o ~  bo th  on  a n d  off  t he  c e n t e r l i n e ,  
t r~e local M a c h  n u m b e r  determined f r o m  the  pitnt-wedge 
p r o b e • ,  nozzle p r e s s u r e  recovery, and f low m J s ~ t n t .  
T h e s e  s u r v e y s  w e r e  e o u d u c t e d  a t  n o z z l e  M a s h  n n m b e r s  o t  

© 
1.50, 2.60, 1.75, |.O0, 3.35, 2.50,. 3.75, 3.00, 3.35. 
and 3.50. R~u l ta  show that max/mum Mach number 
va r / a t i o sm o v e r  t h e  s u r v e y e d  I ~  arm dl:0.O3. "%"he s t q -  
n a t i o n  p r e s s u r e  r e c o v e r y  t h r m q ~  the  nozz le ,  f o r  t he  

o f  mp,eeiflc ~ o b t a i n e d  d u r l n  E th/m p r o g r a m °  
v a r i o d  f r e m  0 . 9 9 0  z t  N m • 1 . 5 0  t o  0 . 0 0 1  a t N m  - 3 . 5 0 .  
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I .  S u l ~ r a o u / e  wind  t n a n e l a  
9. C a l i b r a t i o n  
3.  M a t h  n u m b e r  
4.  P r e s s u r e  
0 .  S u p e r s • • i s  f low 
9.  Meamurmment  
L C o n t r a c t  A F  4O(9OO)-8OO 
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]2. ARO.  I n s . .  A r o o l d  A F  S t • .  

Tom1. 
IZI. X icho l s . • .  H . ,  Dav i s .  M. W . ,  

a n d  G a r u l r ,  C.  L . .  J r .  
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Arnold  E n g i n e e r i n g  Deve lopment  C e n t e r  
Arno ld  A i r  F o r c e  Station° T e n n e s s e e  
Rpt. No. A E D C - T D R - 6 2 - 5 5 .  INITIAL AERODYNAMIC 
C A I J ~ R A T I O N  It,w-~ULTS FOR T H ~  A E D C - P W T  1 6 - F T  
SUPERSONIC T U N N E L  (U). M a r c h  1962, 53 p. incl  
4 r a t s . ,  i l lus .  

Unc l a s s i f i ed  Repor t  

Ini t ia l  a e r o d y n a m i c  ca l ib ra t i on  of the  t e s t ing  reg ion  of the 
PWT 16°Ft  Superson ic  Tunnel  cons i s t ed  of s u r v e y s  of a 
twen ty - fon t  length of nozzle  and t e s t  s e c t i on  in which  the 
m o s t  d e s i r a b l e  model  loca t ions  occu r .  T h e s e  s u r v e y s  
w e r e  obta ined with an  e ight - foot  t r a v e r s i n g  ra.ke ut i l iz ing  
p l to t -wedge  and p i t o t - t e m p e r a t u r e  p r o b e s .  The  da ta  ob- 
t a ined  f r o m  t he se  s u r v e y s  included i z e n t r o p i c - n o z z l e  
Mach n u m b e r  distr ibutzorm both on and off the cen t e r i i ne ,  
t r u e  loca l  Mach n u m b e r  d e t e r m i n e d  f r o m  the  p i to t -wedge  
p robe s ,  nozz le  p r e s s u r e  r e c o v e r y ,  and flow m i s a l i g n m e n t .  
T h e s e  s u r v e y s  w e r e  conducted at  nozzle  Mach n u m b e r s  of 

© 
1.50, 1.60, 1.75, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 
and 3 .50 .  Resu l t s  show that  m a x i m u m  M a t h  n u m b e r  
v a r i a t i o n s  o v e r  the s u r v e y e d  length a r e  ~0.02.  The  s t a g -  
nat ion p r e s s u r e  r e c o v e r y  th rough  the  nozzle ,  f o r  the  
r a n g e  of spec i f i c  humidi ty  obta ined dur ing  this p r o g r a m ,  
v a r i e d  f r o m  0 .993  at  N m = 1 .50  to 0 .961 at  Nm = 3 .50 .  

1. Supersonic  wind tunnels  
2. Ca l ib ra t ion  
3. Mach n u m b e r  
4. Pressure 
5. Supersonic  flow 
6. M e a s u r e m e n t  
I. Con t rac t  A F  40(600)-800 

S /A  24(61-73) 
11. ARC), I n c . ,  Arnold  AF Sta, 

Tenn .  
I lL  Nichols ,  J .  H . ,  Davis ,  M. W.,  

and G a r n e r ,  C. L . ,  Jr. 
IV. Available from OTS 
V. In ASTIA col lec t ion  

Arnold  En g in ee r i n g  Deve lopment  Center 
Arnold  A i r  F o r c e  Station, T e n n e s s e e  
Rpt. No. A E D C - T D R - 0 2 - 5 5 .  INITIAL AERODYNAMIC 
CAIXBRATION RESULTS FOR THE AEDC-PWT 16-FT 
SUPERSONIC TUNNEL {U). March 1962, 53 p. incl 
4 r e l s . ,  i l lus .  

Unc la s s i f i ed  Repor t  

In i t ia l  aerodynaznic ealthration of the testing region of the 
PWT 16-Ft  Supersmaie  Tunnel  c o n s i s t e d  of s u r v e y s  of a 
twenty- foo t  length  of nozz le  and t e s t  s ec t ion  in which  the 
m o s t  d e s i r a b l e  mode l  loca t ions  o c c u r .  T h e s e  s u r v e y s  
w e r e  obta ined with an  e ight- foot  t r a v e r s i n g  r a k e  u t i l iz ing  
p i to t -wedge  and p i t n t - t e m p e r a t u r e  p r o b e s .  The  da ta  ob- 
ta ined  f r o m  t h e s e  s u r v e y s  included i n e n t r o p l c - n o z z l e  
Mach n u m b e r  d i s t r ibu t ions  both on and off the  oen te r l ine ,  
t r u e  loca l  M a t h  n u m b e r  d e t e r m i n e d  f r o m  the  p i tn t -wedge  
p robes ,  nozz le  p r e s s u r e  r e c o v e r y ,  and flow m i s a l i g n m e n t .  
T h e s e  s u r v e y s  w e r e  conducted at  nozz le  Mach n u m b e r s  of 

© 
1.50, 1.60, 1.75, 2.00° 2.25, 2.50, 2.75, 3.00, 3.25, 
and 3.50. Results show that maximum Mach number 
v a r i a t i o z s  o v e r  the  s u r v e y e d  length  a r e  i 0 . 0 2 .  The  s t a g -  
nat ion p r e s s u r e  r e c o v e r y  th rough  the nozzle ,  f o r  the 
r an g e  of spec i f i c  humidi ty  obtaIned dur ing  th is  p r o g r a m ,  
v a r i e d  f r o m  0 .993  at  N m = 1 .50  to  0 .961 a t  Nm = 3 .50 .  
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I .  Superson ic  wind tunne ls  
2. Ca l ib ra t ion  
3. Maeh n u m b e r  
4. P r e s s u r e  
5. Superson ic  f low 
6. M e a s u r e m e n t  
I.  Cont rac t  A F  40(600)-800 

S /A  24(61-73) 
If. ARe0 I n c . ,  Arno ld  A F  Sta, 
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A r n o l d  EnEinee r in~  D e v e l o p m e n t  C e n t e r  
A r n o l d  ALr F o r c e  Sta t ion ,  T e n n e s s e e  
l ~ t .  No.  A E D C - T D R - 8 2 - 5 5 .  ~ AERODYNAMIC 
CALIBRATION RESULTS FOR THE A E I X : - I ~ r r  1 6 - F T  
SUPERSONIC T U N N E L  (U}. Mar c h  1082,  §$ p. 
4 r e f s . ,  f l l u s .  

Unchuss i f l ed  R e p o r t  

In l t in l  z e r o d y n a m i c  c a l i b r a t i o n  o~ t h e  t s s t i c ~  r e l ~ o n  o~ t h e  
P W T  1 6 - F t  S u p e r s o M c  Turn ,  el c o n s i s t e d  or  s u r v e y s  ~ • 
t w e n t y - f o o t  lenll th o~ nozz l e  a n d  t u t  sent i , , , ,  in  w h i c h  the  
m o s t  d e s i r a b l e  m o d e l  l o c a t i o n s  o c c u r .  T h e s e  s u r v e y s  
w e r e  o b t a i n e d  wi th  a n  e i g h t - f o o t  t r e w e r e i n g  r a k e  u t 1 1 ~ h ~  
p ~ o t - w e d ~ e  a n d  p i t o t - t e m p e r a t u r e  p r o b e s .  T h e  d a t a  oh -  
t s l n e d  f r o m  t h e s e  s u r v e y s  i n c l u d e d  l s e n t r o p i c - n o ~ z l e  
Ma~h  n u m b e r  d i s t r i b u t i o n s  bo th  on  a n d  off  t he  e e n t e r l ~ e ,  
t rue  l o c a l  M a t h  n u m b e r  d e t e r m i n e d  f r o m  t h e  pitot-wed&,e 
p r o b e s ,  nozz l e  p r e s s u r e  r e c o v e r y ,  a n d  f l ow  m . ~ u l i g u m e n t .  
T h e s e  s u r v e y s  w e r e  eonduoted a t  n o z z l e  M a c h  n u m b e r s  o~ 

© 
1.50, 1.60, 1.76. 2.00, 2. M5, 6.50, 2.76, 6.00, 3.15, 
a n d  3 . 5 0 .  R e s u l t s  show t h a t  m a x i m u m  M a e h  n u m b e r  
v a r l a t i n n s  o v e r  t he  s u r v e y e d  lenl l th  a r e  ~ 0 . 0 3 .  T h e  s t a g -  
n a t i o n  p r e s s u r e  r e c o v e r y  t h r o u g h  t h e  nosu l e ,  f o r  t h e  
r m ~ e  o~ epec/~ic  h~m~Uty  o b t a i n e d  d u z ' h ~  t h i s  p r o g r c . m ,  
v a r i e d  f r o m  0 . 9 9 6  a t  N m - 1 .50  to  0 . 9 6 1  a t  N m  " $ . 6 0 .  

1. ~ p e r e m s i c  w ind  t u n n e l s  
2. C k l ~ r a t h ~  
3. ~ n u m b e r  
4.  P r e s s u r e  
6. Buporeonic f low 
6. M o u u r e m o n t  
x. cont ree t  Ae' 4o(60o)-a0o 
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T e n a .  
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a n d ( ] a r o e r ,  C .  L . ,  J r .  
IV.  A v a i l a b l e  f r o m  (YI'B 
V.  ~a AS'I 'IA c o l l e c t / o n  

A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  
A r t m l d  A i r  F o r c e  Sta t ion,  T e n n e s s e e  
Rpt .  No. A M D C - T D R - 8 2 - 6 6 .  I N r r l A v .  JLERODYNA]~C 
CJU.J~RATION R 3 B S U L ~  F O R  T K E  A M D C - P W T  1 6 - 1 ~  
BXTP~lqI~JOI~C TXTJLql~L (U}. M~reh lg6:l. 53 p. lnc l  
4 ~ z .  o /11,,=. 

U n e l s s s f f i e d  R e p o r t  

In i t i a l  a e ~  e a f f b r a t i c n  o~ t h e  t e s t i n g  r e ~ o u  of  t he  
P W T  1 6 - F t  Supereossic  Tunne l  c o n s h l t e d  o t  s u r v e y s  d • 
t w e n t y - f o o t  l e n g t h  o( nozz l e  a n d  temt 8eo t ion  in  w h i c h  the  
m o s t  deeLrab le  m o d e l  l o e a t l o u  o c c u r .  T h e s e  s u r v e y s  
w e r e  o b t a i n e d  w i th  a n  e i g h t - f o o t  t r a v e r e i n  I r a k e  utillzinl~ 
IMiot-wedl~ a n d  p ~ t o t - t s m p e r a t u r e  p r o b e s .  T h e  d a t a  ob -  
t a i n e d  f r o m  t h e s e  s u r v e y s  i nc luded  h s e n t r o p i c - n o s s l s  
]~sch  n u m b e r  dintrJlmUoum b o t h  o= a n d  off  t he  c e n t e r l i n e ,  
t r u e  l o c a l  M a t h  n u m b e r  d e t e r m i n e d  f r o m  t h e  p i t o t - w e d ~ s  
p r o b e s ,  nozz l e  p r e s s u r e  r e c o v e r y ,  a n d  f l ow  m i s s e n t .  
T h e s e  s u r v e y s  w e r e  c o n d u c t e d  a t  n o z z l e  M a e h  n u m b e r s  o( 

© 
1.50, 1.60, 1.70, 6.00, 2. S ,  2.60, 2.75, 6.00, 3.25, 
a n d  $. 60.  R e s u l t s  s h o w  t h a t  m a x i m u m  M a t h  n u m b e r  
vu - ln t i cms  o v e r  t he  s u r v e y e d  l e r ~ t h  a r e  J-n.0Z. T h e  e t a  E- 
n a t i o n  p r e s s u r e  r e c o v e r y  t h r o u g h  t h e  nozz l e ,  f o r  t he  
r a n g e  c~ s p e c i f i c  h u m / d ~  o h t s ~ e d  d u r i n g  t h i s  p r o g r a m .  
v a r i e d  f r o m  0 . 9 9 6  a t  N m = 1 .50  t o  0 . 9 8 1  a t  N m  • $ . § 0 .  

© © 
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Arnold  E ng i nee r i ng  Deve lopment  C e n t e r  
Arno ld  A i r  F o r c e  Station, T e n n e s s e e  
Rpt.  No. A E D C - T D E - 6 2 - 5 5 .  INITIAL AERODYNAMIC 
CALIBRATION RY_,SULTS FOR THE AEDC-I)WT 18-FT 
SUPERSONIC TUNNEL (U). March 1962, 53 p. incl 
4 r e f s . ,  i l lus .  

Unc la s s i f i ed  Repor t  

In i tml  Aerodynamic  ca l ib ra t i on  of the  t e s t i ng  r eg ion  of the  
PWT 16-Ft Superson ic  Tunnel c ons i s t e d  of surveys of a 
twen ty - foo t  length of nozzle  and t e s t  s ec t ion  in which  the  
m o s t  d e s i r a b l e  mode l  loca t ions  o c c u r .  T h e s e  s u r v e y s  
w e r e  obta ined with an  e lght - foot  t r a v e r s i n g  r a k e  u t i l i z ing  
p / t o t - w edge  and p / t o t - t e m p e r e t u r e  p r o b e s .  The  da ta  ob-  
t a ined  f r o m  t h e s e  s u r v e y s  included l s e n t r o p i c - n o z z l e  
Mach  n u m b e r  d i s t r ibu t ions  both on and off the  cen t e r l i ne ,  
t r u e  loca l  Mach n u m b e r  d e t e r m i n e d  f r o m  the  p / to t -wedge  
p robe s ,  nozz le  p r e s s u r e  r e c o v e r y ,  and flow m i s a l i g n m e n t .  
T h e s e  s u r v e y s  w e r e  conducted  a t  nozz le  Mash  n u m b e r s  of 

© 
1.50, 1.60, 1.75, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 
and 3 .50 .  Resu l t s  show tha t  m a x i m u m  M a t h  n u m b e r  
v a r i a t i o n s  o v e r  the  s u r v e y e d  length a r e  10 .02 .  The  s t a g -  
nat ion p r e s s u r e  r e c o v e r y  th rough  the  nozzle ,  f o r  the  
r a n g e  of spec i f i c  hu~zldity obtained d u r l r ~  this  p r o g r a m °  
v a r l e d  f r o m  0 .993  a t  Nm = 1.50 to 0 .961 a t  Nm = 3 .50 .  

I .  Superson ic  wind tunnels  
2. Ca l ib ra t ion  
3. M a t h  mzmber  
4. P r e s s u r e  
5. Superecmlc flow 
6. M e a s u r e m e n t  
I.  Con t rac t  A F  40(600)-800 

S/A  34(61-73) 
II .  ARC, I n c . ,  Arnold  A F  StA, 

Tenn .  
I IL NicholB, J .  H . ,  Davis ,  M. W. ,  

and G a r n e r ,  C. L . ,  J r .  
IV. Ava i l ab l e  f r o m  OTS 
V. In ASTIA eol lec t lon  

Arno ld  E n g i n e e r i ~  Deve lopment  C e n t e r  
Arno ld  A i r  F o r c e  Station, T e n n e s s e e  
lip/. No. AEDC-TDR-82-55. INITIAL AERODYNAMIC 
CALIBRATION ~LTS FOR TRIg AEDC-PWT 16-FT 
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Unclas s i f i ed  Repor t  

Ini t ia l  a e r o d T n a m / c  ca l ib ra t i on  of the  t e s t i ng  r eg ion  of the  
FWT l $ - F t  Supersonic  Tunnel  cons i s t ed  of s u r v e y s  of a 
t w e e d - f o o t  length of nozzle  and t e s t  s ec t ion  in which  the  
m o s t  d e s i r a b l e  mode l  loca t ions  occu r .  T h e s e  s u r v e y s  
w e r e  obta ined with An e lgbt - foot  t r a v e r s i n g  r a k e  u t l l lz lng  
p / to t -wedge  and p / t o t - t e m p e r a t u r e  p r o b e s .  The  da ta  ob-  
ta ined  f r o m  t h e s e  s u r v e y s  included I s e n t r o p l c - n o z s l e  
MILch n u m b e r  dlstxdbntlons both on and off the cen t e r l i ne ,  
t r u e  loca l  Mach n u m b e r  d e t e r m i n e d  f r o m  the  p l to t -wedge  
p ro b es ,  nozz le  p r e s s u r e  r e c o v e r y ,  and flow m i s a l i g n m e n t .  
T h e s e  surveys w e r e  conducted  a t  nozz le  Mash  n u m b e r s  of 

© 
1.50, 1.60, 1.75, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25, 
and 3 .50 .  Resu l t s  show tha t  m a x i m u m  M a t h  n u m b e r  
var la t /oms o v e r  the s u r v e y e d  length a r e  s/g). 02. The  s tng -  
nnUon p r e s s u r e  r e c o v e r y  th rough  the  ncez le ,  f o r  the  
range of spec i f i c  humidi ty  obta ined dur ing  this p r o g r a m ,  
v a r i e d  f r o m  0 .993  at  N m = 1.50 to  0 .961 at  Nm = 3 .50 .  
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Arnold  ~ng l nee r l n~  Deve lopment  C e n t e r  
Arno ld  A i r  Force Station, T e n n e s s e e  
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U n c l u s f f ~ d  Repor t  

In i t ia l  a e r o d y n a m i c  ca l ib ra t /ms  of the teMing region of the 
PWT 16-Ft  Super~onic Tunnel  c o n s i s t e d  of s u r v e y s  of a 
twen ty - foo t  leni~b of nozz le  and  t e s t  s e c U o n  in which  the  
m o s t  d e s i r a b l e  m ode l  loca t ions  o c c u r .  "L'amme s u r v e y s  
were obta ined with an  e i~ht - foc t  t r a v e r s i n g  rake ut/.Using 
p~tnt-wed~e and p L t n t - t e m p e r a t u r e  p r o b e s .  The  da t s  ob-  
t a ined  f r o m  t h e s e  s u r v e y s  included Laen~rop/c-no~zle 
Mach n u m b e r  d/strtbutionm both on and off the  eemterlLue, 
t r u e  loc&l Mach n u m b e r  d n t e r ~ l ~ e d  f ~  the  p L t o t - w e d ~  
prt)bes ,  nozz le  p r e s s u r e  r e c o v e r y ,  and flow m.'tmslllp,,ment. 
~ n e s e  s u r v e y s  w e r e  conducted  a t  nozz le  M a t h  n u m b e r s  of 

() 
1.50, 1.60. 1.75, ]l.OO, 2 . ~ ,  R.50o 2.7q. 3.00. 3.:15, 
sad 8.50.  Resul ts  show that mLz imum Mach n u m b e r  
var in t ion~ o v e r  the  s u r v e y e d  ~ a r e  *0 .02 .  The  s t a ~ -  
nat ion p r e s s u r e  r e c o v e r y  th rmq[h  the  nozz le ,  f o r  the  
r a n g e  of specL(/c humidi ty  obta ined dur ln~ t h ~  p r o g r a m ,  
v a r i e d  f r o m  0 .995  at  N m • 1 .90 to 0 .961  a t  Nm • 3 .50 .  
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U n c l u s f f l e d  Repor t  

L,~tLtb~l - e ~  ca l i b r a t i o n  of the testLug rei~on of t b l  
)PWT 10-Ft  SupersmsLc Tunnel  cousfmted of  s u r r e a l  of a 
twen1~-foof leni l th of  nossle and test  sectLc~ in wh l r~  the  
most deaLt'able model loeatinns occur.  Theme s u c r e s  
w e r e  obta ined with an  e lgh l - foc t  t r a v e r s i n g  r a k e  u t / l ~ I n g  
Idtot -wedEe and pdLtot-temperature p r o b ~ .  The  ds t a  ob-  
t s l u e d  ~rom t h e s e  s u r v e y s  included i n e ~ r o p ~ - n o s B l e  
Mach n u m b e r  diatrJgbutimm both on s a d  cd5 the  c e u t e r l i n e ,  
t rue  loca l  ~ = c h  n u m b e r  dnten~lned f r e m  the  p i to t -wed ip  
probms, nosz le  premsrare r e c o v e r y ,  snd  flow m/asa l~smamt .  
T h e s e  s u r v e y s  w e r e  conducted a t  nozz le  Msch  n u m b e r s  d 

() 
1.50, 1.80. 1.76, | .00 ,  2.25, 2.50, 1.75, 3.00, 3.15, 
and 3.50.  Results show that xmudmum Mach number 
var ta tLoes  o v e r  the  s u r v e y e d  Iocgth  a r e  ~ 0 . 0 ] .  The  stair-  
nat ion p r e s s u r e  r e c o v e r y  t h r o u i ~  the  nosz le ,  f o r  the  

of spec i f i c  b u ~ t d ~  obta ined du r ing  this  prolLTUS, 
var ied  f r om  0.993 at N m - 1.50 to 0.961 at Nm = 3.50. 
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