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W I N D  TUNNEL INVESTIGATION OF AN ALL  FLUSH ORIFICE A I R  DATA SYSTEM 

FOR A LARGE SUBSONIC  AIRCRAFT 

Terry  J. Larson 
Dryden F l igh t   Resea rch   Cen te r  

and 

S t u a r t  G. Flechner   and  Paul  M. Siemers I11 
Langley  Research  Center  

INTRODUCTION 

In   t he   pas t ,   t he   measu remen t  of  such a i r  d a t a   q u a n t i t i e s   a s   s t a g n a t i o n  
p r e s s u r e   o r   f l o w   a n g l e   h a s   u s u a l l y   i n v o l v e d   t h e   u s e  of s enso r s  mounted  on 
booms o r   p r o b e s   t h a t   p r o t r u d e   f r o m   t h e   a i r c r a f t .   O b v i o u s l y ,   t h e   d i r e c t  meas- 
urement of s t agna t ion   p re s su re   o r   measu remen t  of   f low  angular i ty   wi th   vanes  
r e q u i r e s   t h e   u s e  of such  devices.  However,  mounting  sensors i n   t h a t  way h a s  
measurement  disadvantages:  Accuracy may b e   a d v e r s e l y   a f f e c t e d  by boom bending 
a n d   v i b r a t i o n ,   p r o b e   s i z e   a n d   g e o m e t r y ,   a n d   t h e   f l o w   i n t e r f e r e n c e   d u e   t o   t h e  
probes  themselves.  

The s t r u c t u r a l   a n d   t h e r m a l   l o a d i n g   ( r e f .  1) t h a t   p r o b e -   o r  boom-mounted 
sensors   undergo make them u n s u i t a b l e   f o r   u s e   o n   t h e   s p a c e   s h u t t l e   o r b i t e r  a t  
h igh   supe r son ic  and hypersonic   speeds .  The  same problem was e n c o u n t e r e d   i n  
t h e   d e s i g n  of t h e  X-15  a i r  da t a   sys t em,  so  t h e  measurement  of t h e   f l o w   a n g l e s  
and of s t a g n a t i o n   p r e s s u r e  was made w i t h  a n u l l - s e e k i n g   s p h e r i c a l   s e n s o r  
( r e f e r r e d   t o  as a b a l l   n o s e )   t h a t  was a l w a y s   a l i n e d   w i t h   t h e   l o c a l   f l o w  
( r e f s .  2 t o  4 ) .  The sys tem  be ing   deve loped   to   suppor t   aerodynamic   and  
a e r o t h e r m o d y n a m i c   t e s t i n g   o n   t h e   s p a c e   s h u t t l e   o r b i t e r   ( r e f .  1 )  e o n s i s t s   o f   a n  
a r r a y   o f   p r e s s u r e   o r i f i c e s  mounted f l u s h   w i t h   t h e   v e h i c l e ' s   s u r f a c e   a n d  
l o c a t e d   o n   t h e   v e h i c l e ' s   n o s e   c a p   ( r e f .  5) .  The conf igu ra t ion   o f   t he   sys t em 
d e s c r i b e d   i n   r e f e r e n c e  5 was t e s t e d   i n  a wind   tunnel   wi th  a 0.10 scale model 
of t h e   s p a c e   s h u t t l e   t o   i n v e s t i g a t e  i t s  p o t e n t i a l  a t  subson ic   speeds   ( r e f s .  6 
and 7) .  

Because of t h e   a c c u r a c y   o f   t h e   r e s u l t i n g   d a t a ,   t h e   d e s i r e   f o r  more  expe- 
r i e n c e   w i t h   t h e   s h u t t l e   e n t r y  a i r  d a t a   s y s t e m  (SEADS) b e f o r e   o r b i t e r   i n s t a l -  
l a t i o n ,   a n d   t h e   i n h e r e n t   a d v a n t a g e s   o f   a n y   f l u s h  a i r  da ta   sys tem,  NASA i n i t i -  
a t e d  a p rogram  wi th   t he   twofo ld   pu rpose   o f   acqu i r ing   f l i gh t   expe r i ence   w i th  
SEADS and of e v a l u a t i n g   t h e   u s e f u l n e s s   o f   f l u s h  a i r  da ta   sys tems  for   conven-  
t i o n a l   s u b s o n i c  a n d   t r a n s o n i c   a i r c r a f t .   T h e r e f o r e ,   a n   a r r a y  of p r e s s u r e   o r i -  



f ices  w a s  i n s t a l l e d   i n  a 0.035 scale model of t h e  KC-135A a i r p l a n e ,   a n d   t h e  
model was t e s t e d   i n   t h e  8-Foot   Transonic   Pressure  Tunnel  a t  the   Lang ley  
Research  Center.   With some a d d i t i o n s ,   . i n c l u d i n g   o r i f i c e s   o n   t h e   s i d e s   o f   t h e  
f u s e l a g e ,   t h e   p r e s s u r e   o r i f i c e   a r r a y  was similar t o   t h a t   u s e d   i n  SEADS, and i t  
was used t o   d e t e r m i n e   s t a g n a t i o n   p r e s s u r e ,   a n g l e  of a t t a c k ,   a n g l e  of s i d e s l i p ,  
s t a t i c  p res su re ,   and  Mach number.  The  wind t u n n e l  tests covered Mach numbers 
from 0.30 to .0 .90 ,   ang le s  of a t t ack   f rom -2" t o  16", a n d   a n g l e s   o f   s i d e s l i p   o f  
0" and 5". T h i s   r e p o r t   p r e s e n t s   a n d   a n a l y z e s   t h e   r e s u l t s   o f   t h o s e  tests. 

SYMBOLS 

M 

P 

Pl e f t  

P lower  

Pmeas 

R 

x, Y, = 

a 

aApa=O 

B 

Mach number  measured i n  wind  tunnel 

measured   loca l   p ressure ,  kPa 

p res su re   measu red   on   l e f t   su r f ace   o f   nose ,  kPa 

pressure   measured   on   lower   sur face   o f   nose ,  kPa 

p res su re   measu red   on   su r f ace   o f   nose   be tween   o r i f i ce s   t ha t  
measure Plower and Pupper ,  kPa 

p res su re   measu red   on   r i gh t   su r f ace   o f   nose ,  kPa 

s t agna t ion   p re s su re   measu red   i n   w ind   t unne l ,  kPa 

pressure  measured  on  upper   surface  of   nose,   kPa 

s t a t i c  pressure  measured  in   wind  tunnel ,   kPa 

incompress ib le   dynamic   p ressure   ca lcu la ted  from wind 
tunnel-measured  pressures ,  kPa 

Reynolds  number 

l o n g i t u d i n a l ,  l a t e ra l ,  a n d   v e r t i c a l  model  body a x e s ,  
r e s p e c t i v e l y  

l o n g i t u d i n a l ,  l a t e ra l ,  and ver t ica l  model   coordinates ,  
r e s p e c t i v e l y ,  cm 

ang le  of a t tack   measured   in   wind   tunnel ,   deg  

ang le  of a t t a c k  a t  w h i c h   t h e   d i f f e r e n t i a l   p r e s s u r e   b e t w e e n  
two p r e s s u r e   o r i f i c e s  i s  z e r o   ( f i g .  121, deg 

a n g l e  of s i d e s l i p   m e a s u r e d   i n  wind  tunnel,   deg 
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APa 

0 

Subscripts: 

a 

b 

C 

d 

e 

f 

57 

i, j 

1 to 22 

pressure  differential  between  two  orifices in angle of 
attack  plane,  kPa 

pressure  differential  between  two  orifices  in  angle of 
sideslip  plane, kPa 

angular  location of pressure  orifice, in the  plane  running 
vertically  t-hrough  the  model's centerline  and  measured  from 
the  horizontal  centerline  of  the  model  to  that  radius  of  a 
circle  with  its  center at x = 1.24 cm, y = 0 cm, z = 0 cm 
that  intersects  the  location  of  the  orifice 
(fig. 4(a)), deg 

angle of  sideslip  parameter, 
Pright - Pleft 

P6 - Pright i- Oo5(Pright - Pleft ) 
angular  location of  pressure  orifice, in the  plane  running 
horizontally  through  the  model's  centerline  and  measured 
from  the  vertical  centerline  of  the  model  to  that  radius 
of a circle  with  its  center  at x = 1.42 cm, y = 0 cm, 
z = 0 cm  that  intersects  the  location  of  the  orifice 
(fig. 4(b)), deg 

angle of attack  calculated  using  orifices 3 ,  6, and 11 

angle  of attack  calculated  using  orifices 3 ,  6, and 12 

angle  of attack  calculated  using  orifices 4, 6, and 11 

angle of  attack  calculated  using  orifices 4, 6, and 12 

angle  of  sideslip  calculated  using  orifices 6, 15, and 16 

angle  of  sideslip  calculated  using  orifices 6, 14 ,  and 17 

angle of sideslip  calculated  using  orifices 6 ,  13, and 18 

dummy  variables 

orifice (fig. 3)  
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EXPERIMENTAL  APPARATUS AND PROCEDURES 

Model D e s c r i p t i o n  

The test ar t ic le  was a 0.035 scale model  of  the KC-135A a i r c r a f t .  The 
basic   dimensions  of   the  model  are p r e s e n t e d   i n   f i g u r e  1. F igu re  2 shows t h e  
sting-mounted  model i n   t h e  wind  tunnel .   This   ful l -span  model  was equipped 
w i t h   w i n g l e t s   f o r   t h e   i n v e s t i g a t i o n  of t h e i r   u s e   o n  j e t  t r a n s p o r t   w i n g s   t o  re- 
duce  drag a t  h igh   subson ic  Mach numbers. It was assumed t h a t   t h e   e f f e c t s   o f  
t he   w ing le t s   on   t he   p re s su re   measu remen t s   o f   t h i s   i nves t iga t ion   wou ld   be  
n e g l i g i b l e .  

The arrangement   of   the  18 p r e s s u r e   o r i f i c e s  on the  model   nose  and  the 
f o u r   o r i f i c e s  on t h e   s i d e s   o f   t h e   f u s e l a g e  are shown i n   f i g u r e  3. The 
a r r angemen t   o f   t he   nose   o r i f i ce s  i s  similar ( a l t h o u g h   n o t   i d e n t i c a l )   t o   t h a t  
of SEADS. That i s ,  t h e   o r i f i c e s  are  i n  a c ruc i form  des ign ,   wi th   one  row of 
o r i f i c e s   i n   t h e   v e r t i c a l   p l a n e  of  symmetry ( t h a t  i s ,  i n   t h e  X-Z p l ane )   and   t he  
o t h e r  row i n   t h e   h o r i z o n t a l   p l a n e  of  symmetry ( t h e  X-Y p l ane ) .  A l l  t h e   o r i -  
f i c e s   h a v e  a diameter  of  0.076  centimeter.  

The l o c a t i o n s   o f   t h e   o r i f i c e s   i n   t h e   v e r t i c a l   p l a n e   o f  symmetry  can  be 
desc r ibed  as be ing  a t  poin ts   where   rad i i   emanat ing   f rom a c i r c l e  c e n t e r e d   a t  
x = 1.24 cm, y = 0 cm, and z = 0 cm i n t e r s e c t   t h e   m o d e l ' s   s u r f a c e   ( f i g .   4 ( a ) ) .  
The l o c a t i o n  o f   e a c h   o f   t h e s e   o r i f i c e s   c a n   b e   s p e c i f i e d   b y   u s i n g   a n   a n g u l a r  
measurement, 8 ,  d e f i n e d   a s  shown i n   f i g u r e   4 ( a ) .  The d a s h e d   c u r v e   i n   t h e  
f i g u r e  i s  an  arc of t h e  c i r c l e .  The m o d e l ' s   n o s e   c o n t o u r   c l o s e l y   f o l l o w s   t h i s  
arc o v e r   t h e   r e g i o n   o f   p r o b a b l e   s t a g n a t i o n   p r e s s u r e .  

A s  i n   t h e  SEADS o r i f i c e   a r r a n g e m e n t ,   m o s t   o f   t h e   o r i f i c e s   i n   t h e   v e r t i c a l  
plane  of  symmetry are  be low  the   ho r i zon ta l   cen te r l ine   o f   t he   nose .  An 
ar rangement   o f   th i s   type  i s  optimum f o r   t h e   d e t e r m i n a t i o n   o f   s t a g n a t i o n   p r e s -  
su re   and   ang le   o f   a t t ack  when t h e   p r e v a i l i n g   v e l o c i t y   v e c t o r   i n t e r s e c t s   t h e  
v e h i c l e   b e l o w   t h e   h o r i z o n t a l   c e n t e r l i n e .   U n l i k e   t h e  SEADS d e s i g n ,   t h e  
a r r a n g e m e n t   a l s o   i n c l u d e s   t h r e e   o r i f i c e s   p l a c e d  well a b o v e   t h e   c e n t e r l i n e   t o  
f a c i l i t a t e   t h e   d e t e r m i n a t i o n  of Mach number. 

The l o c a t i o n  of t h e   o r i f i c e s   i n   t h e  X-Y p l a n e   c a n   b e   d e s c r i b e d  as be ing  
l i k e   t h e   l o c a t i o n   o f   t h e   o r i f i c e s   i n   t h e   v e r t i c a l   p l a n e   o f  symmetry.  Again, 
t h e   p o s i t i o n s   o f   t h e   o r i f i c e s   c a n   b e   s p e c i f i e d  by an  angular   measurement ,  41 i n  
t h i s  case ( f i g .   4 ( b ) ) .   E x c e p t   f o r   o r i f i c e   6 ,   t h e s e   o r i f i c e s   c a n   b e   t h o u g h t  of 
as  o p e r a t i n g   i n   p a i r s   f o r   t h e   d e t e r m i n a t i o n   o f   a n g l e   o f   s i d e s l i p .   S p e c i f i -  
c a l l y ,   t h e   o r i f i c e  pairs  are 13, 18; 14,  17;  and  15,  16. 

F o u r   o t h e r   p r e s s u r e   o r i f i c e s  were a l s o   i n c l u d e d   i n   t h e   o r i f i c e   a r r a y .  
They were i n   f r o n t  of t h e  wing  on t h e   s i d e s   o f   t h e   f u s e l a g e ,  two  on e a c h   s i d e ,  
and were used  for  the  measurement  of s t a t i c  p r e s s u r e   ( f i g .   3 ( b ) ) .  The coord i -  
n a t e s   o f   t h e s e   o r i f i c e s  as well as those  of t h e   n o s e   o r i f i c e s  are g i v e n   i n  
f i g u r e   3 ( c ) .   O r i f i c e s  19 and 20 are i n   t h e  same l o c a t i o n s  as t h e   P i t o t - s t a t i c  
probes  used i n   t h e  a i r  da t a   sys t em  o f   t he   p roduc t ion  KC-135A a i r c r a f t .  S i m i -  
l a r l y ,   o r i f i c e s  21  and 22 are  i n   t h e  same l o c a t i o n s  as t h e   f l u s h  s t a t i c  pres-  
s u r e   o r i f i c e s   u s e d  on t h e   p r o d u c t i o n   a i r c r a f t .  

4 



r 

Test  Conditions 

Measurements  were  taken  at  Mach  numbers of 0.30, 0.50, 0.70,  0.78, and 
0.90 at  model  angles of  attack  ranging  from -2" to 16", and  at  angles  of  side- 
slip  of 0" and 5'. Stagnation  temperature was kept at 322 K throughout  the 
tests,  and  the  air  was  dried  until  the  dewpoint  was low enough to  prevent  con- 
densation effects. 

Because  the  slotted  wind  tunnel  test  section  is  designed  to  reduce wall 
effects on lift,  no  correction was made  to  the  data  for  these  effects. In 
addition,  the  wingspan and model  frontal  area  were  small  enough to  make  it  un- 
necessary  to  correct  Mach  number  for  wind  tunnel  blockage  (ref. 9 ) .  Reynolds 
number varied  from 5.8 X lo6 per  meter  to 9.8 X 10 6 per  meter. A complete 
tabulation of  the  test  conditions  is given  in  table 1. 

Data  were not  obtained  at  the higher  angles of  attack for  Mach  numbers 
of 0.78 and 0.90 because  of  excessive model vibration. Model  vibration 
increased  with  both  Mach  number  and  angle  of  attack. 

Accuracy  of  Measurements 

The difference  between  the  local  (orifice)  and  stagnation  (tunnel)  pres- 
sures was measured  with an accuracy  of k0.2 kPa.  Stagnation  pressure  was 
measured  with  an  accuracy  of kO.003 kPa. The uncertainties in wind  tunnel 
Mach  number  and  dynamic  pressure  were kO.003 and M.02  kPa, respectively.  The 
uncertainties  in  wind  tunnel  angle  of  attack  and  angle  of  sideslip  were M.05" 
and *0.1", respectively. 

PRESENTATION OF RESULTS 

The basic  data  from  the  wind  tunnel  facility are presented in figures 5 
to 10. Figures 5 and 6 show  ratios  of  local  pressure  to  stagnation  pressure 
plotted  against  angle  of  attack  for 0" and 5" of sideslip,  respectively. The 
local  pressures  are  those  measured  at  nose  orifices  located in the  plane  of 
the model's vertical  centerline. The data are presented  to  evaluate  their  use 
for the determination of stagnation  pressure  and  angle  of  attack.  Figures 7 
and 8 present a pressure  parameter for selected  orifices in the  same  orifice 
group  for  the  determination  of  angle  of  attack  at 0" and 5" of sideslip, 
respectively.  Figures 9,and 10 present  the  static  pressure  correction  for 
position  error  plotted  against  angle  of  attack  for  the  four  fuselage  static 
pressure orifices. The  data  are  again shown at 0" and 5" of  sideslip. 
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After  these  data  were  inspected,  data  orifices  favorable  to  the 
acquisition  of  accurate  air  data  were  selected  and  further  investigated.  The 
investigation  also  included an evaluation  of  sideslip  determination  using 
orifices  in  the  horizontal  plane  of  the  nose.  (Those  data  are  not  shown in 
the  preceding  figures.)  The RESULTS AND DISCUSSION  section  discusses  the 
results  of  the  investigation  and  includes  additional  data  figures. 

RESULTS AND  DISCUSSION 

The  data  were  analyzed  to  determine  whether  certain  combinations  of  ori- 
fices  from  the  test  array  could  function  as  complete  air  data  systems  for  sub- 
sonic  use.  "Complete"  means a  system  that  provides  all  the  quantities  pro- 
vided  by a  conventional  Pitot-static  air  data  system  and,  in  addition,  flow 
angularity  measurements  (that  is,  angle  of  attack  and sideslip).  It  was  made 
a requirement  that  the  desired  air  data  quantities  be  derived  solely  from 
empirical  calibration  curves  and  not  be  dependent  on  theoretical  or 
mathematical  models.  The  functional  behavior  of  the  curves  (for  example,  the 
linearity,  sensitivity,  and  consistency  of  families  of  curves)  was  to  be  used 
to  judge  their  adequacy  for  the  determination  of  air  data  quantities. 

In addition,  one  of  the  objectives  of  the  analysis  was  to  minimize  the 
number  of  orifices  required  to  determine  the  air  data  quantities.  The  only 
exception  to  this  was  using  two  orifices on opposite  sides,  of  the  fuselage  for 
the  determination  of  static  pressure  in  order  to  minimize  angle  of  sideslip 
effects.  If  several  combinations  of  measurements  were  acceptable,  the  optimum 
combination  was to  be  selected on the  basis of functional  characteristics, 
such  as  the  sensitivity  of  the  derived  air  data  quantity  to  the  pressure 
measurement.  The  results  of  the  analysis  were  to  be  used  to  decide  whether  to 
evaluate  the  system in  a  full  scale  flight  program,  which  would  include  a 
comparison of  the  accuracy  of  this  system  with  the  accuracy  of  standard  air 
data  systems. 

A complete  description  is  not  given  herein of  the  data  reduction  methods 
used  to  determine  air  data  quantities  from  the  functional  relationships  that 
are  graphically  presented,  but  one  may  be  found  in  reference 7. 

Stagnation  Pressure 

Ratios  of  measured  local  pressure  to  wind  tunnel  stagnation  pressure  for 
orifices  in  the  vertical  plane  of  symmetry are plotted  against  angle  of  attack 
in  figure 5 for 0' of  sideslip  and in  figure 6 for 5" of  sideslip.  In  gen- 
eral,  increasing  sideslip  from 0" to 5' decreases  the  pressure  ratio  no  more 
than 1 percent. 

Measurements  from  orifices 6, 7, 8, and 9 result in the  least  variation 
of  pressure  ratio  with  angle  of  attack  and  the  smallest  deviation  of  the  ratio 
from  unity. Hence,  these  orifices can be  calibrated  the  most  accurately  for 
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determining  stagnation  pressure.  Orifices 6 and 7 would  be  best  for  measure- 
ments  at  low  angles of attack,  and  orifices 8 and 9 would  be  best  at  high 
angles  of  attack. The  optimum  orifice  for  the  entire  angle  of  attack  and 
angle of sideslip  ranges  is  orifice 8. Pressures  measured  from  this  orifice 
are within 3 percent  of  the  stagnation  pressure  for all Mach  numbers.  Al- 
though  this  variation  is  significantly  greater  than  that  obtained  from  a  well 
designed  pitot  probe  (ref. lo), the  variation  is  gradual  and  consistent  with 
angle of attack,  allowing  for  accurate  corrections. 

Angle  of  Attack 

A pressure  parameter  for  the  determination  of  angle  of  attack  is  shown in 
figures  7  and 8 for  sideslip  angles  of Oo and 5 O ,  respectively.  This  param- 
eter  was  also  used in references 6 and 7. The  upper  plots  present  data  for 
orifice  pairs  in  the  vertical  plane  of  symmetry,  with  each  pair  having  ori- 
fice 6 in  common.  The  lower  figures  also  present  data  for  orifice  pairs 
in the  vertical  plane of symmetry,  but  each  pair  has  orifice 3 in common. 
Although  many  other  common  orifices  could  have  been  selected,  the  matrix 
provided by  those  used  produces  results  with  both a wide  range of sensitivity 
(slope) and,  for  some  pairs,  good  linearity. 

Although  orifice  pairs  with  orifice 3 in  common  provide  pressure  param- 
eters  that  are  more  sensitive  to  changes in'angle of  attack  than  pairs  with 
orifice 6 in  common,  the  parameters  are  less  linear.  The  orifice  pairs  judged 
to  be  best  for  the  determination  of  angle  of  attack  are  orifice  pairs 6, 11 
and 6, 12. These  orifices  provide  both  satisfactory  linearity,  and,  as  is 
shown  below,  adequate  sensitivity. 

A convenient  method  for  determining  angle of  attack  from  the  data in fig- 
ures 7 and 8 is  to  use  equations  that  define  straight  lines  that  are  fitted 
through  the  data  (ref. 11). Figures 11 and  12  show  slope  and  intercept 
values,  respectively,  plotted  against  Mach  number  for  straight  lines  generated 
for the  data  presented in  figures  7  and 8 from  orifice  pairs 6, 11 and 6 ,  12. 
If  Mach  number  and  dynamic  pressure  are known, angle of  attack  is  easily 
attained  using  these  plots.  Usually,  however,  the  pressure  measurements  used 
to  determine  Mach  number  and  dynamic  pressure  are  themselves  dependent on 
angle of attack;  therefore, an iterative  calculation  must  be  used  to  solve  for 
the  three  quantities. 

The slope  values  shown  in  figure ll(a) were  taken  from  the  straight  lines 
drawn  between  the  end  points  of  the  curves  shown in  figures 7 and 8. The ac- 
curacy  of  the  angle  of  attack  found  from  the  straight  lines  is  affected  by  the 
linearity  of  the  actual  data  curve  and by  the  range  of  angle  of  attack  for 
which  the  slopes  were  calculated. The  slopes  were  calculated  for an angle  of 
attack  range  of  only -2' to 8' or loo for  Mach  numbers of  0.78  and 0.90 
(figs.  7(d),  7(e), 8(d), and &(e)), as oppqsed  to  an,  angle  of  attack  range 
from -20  to  16"  for  Mach  numbers  from 0.30 to  0.70  (figs.  7(a)  to  7(c)  and 
8(a) to 8(c)). The  angle of attack  intercepts  shown  in  figure  12  vary  with 
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Mach  number  because  of  the  asymmetry  of  the  nose in the  vertical plane. Of 
the  two  orifice  pairs,  orifice  pair 6, 11  produces  less  variation  of  the 
intercept  with  Mach  number. 

To determine  angle  of  attack  with  the  desired  precision  with  the Apff/q 
parameter,  a  certain  degree of resolution  in  the  pressure  measurement Apa, 
which  is  dictated  by  the  minimum  expected  dynamic  pressure,  must be attained. 
For  example,  if  orifices 6 and 11 are  used,  a  resolution  of 0.01 kPa must be 
achieved t o  attain  an  angle of attack  precision  of 0.1' over  the  flight 
envelope  of  the  KC-135A  airplane.  Although  it  is  reasonable  to  assume  that 
this  resolution can be achieved,  the  resolution  is  significantly  more  precise 
than  that  required  to  obtain  this  precision  in  angle  of  attack  with  the 
YF-12A  hemispherical  flow  direction  sensor  (ref. 11). This  is  because  the 
sensitivity  of  the  YF-12A  flow  direction  sensor  is  approximately 60 percent 
higher  than  that  of  orifice  pair 6 ,  11, as shown  in  figure 11, and  because the 
YF-12A  aircraft  is  flown  at  higher  dynamic  pressures. 

The  use  of  a  three-orifice  pressure  parameter  designated 'ca (which  has 
also  been  called RAX) was  also  investigated  for  angle  of  attack  determination. 
This  parameter,  which  is  discussed in reference 7, requires an additional  ori- 
fice  but  does  not.  depend  explicitly  on  dynamic  pressure.  Four  different  com- 
binations  of  orifices in the  vertical  plane  of  symmetry  were  chosen  to  permit 
an evaluation  of T a .  The  resulting  parameters,  designated ( T a ) a ,  ( T a ) b ,  
( T ~ ) ~ ,  and ( T a ) d ,  are  plotted  against  angle  of  attack  for 0" of sideslip  in 
figure 13. The  curves  of ( T ~ ) ~  and ( ~ , ) b  versus  angle  of  attack  are  much  more 
linear  than  those  for ( T ~ ) ~  and ( ~ ~ ) a .  It can be shown that  they  also  provide 
ample  sensitivity  to  angle  of  attack.  The  variations  of  and ( T a ) b  with 
Mach  number  at  a  constant  angle  of  attack  are  shown  in  figure 14. Variations 
with  Mach  number  are  almost  insignificant  up  to an angle  of  attack  of 8'. 
Figures 15(a) and 15(b) show 'that (-Ca)a and ( T a ) b  generally  exhibit  small 
variations  with  angle of  sideslip. In these  figures the variation of T~ with 
sideslip  was  assumed  to be linear. 

It was  concluded  that  both  the Apa/q parameter  and  the 'a parameter 
could  be used for the accurate  determination  of  angle  of  attack  for  the 
KC-135A  aircraft. 

Angle  of  Sideslip 

Pressure  parameter  relationships  similar  to  those  evaluated  for  the 
determination of angle  of  attack  were  evaluated  for  ascertaining  angle  of 
sideslip  and  are  shown  in  figures 16 to 19. The  sideslip  parameters  were 
determined  by  using  pairs  or  triads  of  orifices  located  in  the  horizontal 
plane  of  the  model  nose.  Figures 16 and  17  present  data  using  the A(ApB/q)/AB 
parameter,  and  figures 18 and 19 present  data  using TB. The  relationships  are 
presented  only  to  indicate  the  potential  of  the  various  combinations  of 
orifices  for  determining  angle  of  sideslip.  To  be  accurate,  relationships  to 
be used for  such  purposes as calibration  curves  would  have to be based  on  more 
than  two  sideslip  angles,  especially  for T B ,  which  is  expected  to  have 
nonlinear  variations  with  changes in angle  of  sideslip, as 'ca does  with 
changes  in  angle of  attack. 
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Figures 16 and 117 present  the  slopes A(ApB/q)/AB versus  angle of attack 
and Mach  number,  respectivqly,  assuming  a  linear  relationship  between 0" and 
5' of  sideslip. A s  expected,  the  greater  the  orifice  separation,  the  greater 
the  slope  value o r  pressure  sensitivity. For the  most  part,  the  sensitivities 
do not  change with changes in angle of  attack. The  orifices  that  provide  the 
most  consistent  set  of  data  and  the  least  variation with changes in angle of 
attack are orifices 15 and 16. Although  the  associated  pressure  sensitivities 
are smaller  than  for  the  other  orifice  pairs,  they are larger  than  the 
sensitivities  exhibited  by  orifices 6 and 11 for angle  of attack 
determination. Thus, they are adequate to  provide  precise  sideslip 
determination. 

In figures 18(a),  18(b), and 18(c), T B  is  shown  plotted  against  angle  of 
sideslip  for  three  sets  of  orifices.  Because  there  were  only  two  values  of 
sideslip to work  with,  a linear  relationship  was  assumed in order  to  evaluate 
the  sensitivity  of TB to  changes  in  sideslip. In general,  the  greater  the 
sensitivity  of TB to sideslip,  the  more  it  varies  with  angle  of  attack.  This 
is  somewhat  more  obvious in figure 19, which  shows T B  plotted against  angle of 
attack. The  most  promising T B  parameter  is  considered  to  be ( T B ) ~ .  Although 
it  is  the  least  sensitive  of  the  three TB parameters,  its  sensitivity  is  simi- 
lar to  that of ( T a ) a  and ( T a ) b ,  and  it  is  almost  constant  with  changes in 
angle  of  attack. 

Static  Pressure 

The obvious  approach  to  the  measurement  of  static  pressure with an all 
flush  orifice  air  data  system is to  utilize  the  flush  orifices  at  the  loca- 
tions  that  correspond  to  the  Pitot-static  probes  in  the  standard  air  data  sys- 
tem.  Orifices 19,  20, 21, and 22 (fig.  3(b)) are in  such  locations. 

Corrections  to  static  pressure  as a  function of  angle of attack  for  the 
four  static  pressure  orifices  are  shown in figures 9 and 10 at 0" and 5" of 
sideslip,  respectively.  The  upper  figures  present  corrections  for  the  indi- 
vidual  orifices, and the  lower  figures  present  the  corrections  for  the  average 
pressure  of  orifices 19 and 20 as well  as from  orifices 2 1  and 22. 

The average  pressures  from  these  orifices,  which  are  in  diametrically 
opposed  positions on either  side  of  the  fuselage,  closely  approximate  the 
pressures  that  would  result  at  small  angles  of  sideslip  if  the  pressures  from 
these  orifices  were  manifolded.  Manifolding  the  pressures  from  such  orifices 
generally  results  in  pressure  measurements  that  are  less  sensitive  to  changes 
in sideslip  than  the  results  from  individual  orifices.  Figures 9 and 10 show 
that  this  is  also  true  for  the  subject  orifices.  The  static  pressure 
corrections  generally  vary  less  than 2 percent  over  the  angle  of  attack  range 
for  both  sets  of  averaged  pressures  and  at  both  angles  of  sideslip.  Because 
of  this low sensitivity  to  changes in angle of  attack  and  the  gradual 
variation of  the correction  with  Mach  number,  either  set of  orifices  offers an 
accurately  calibratable  source  for  static  pressure  determination,  although  the 
aft  set  of  orifices  (orifices 2 1  and 22) performs  slightly  better  than 
orifices 19 and 20. 
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I n c l u d e d   i n   f i g u r e s   9 ( b )   t o   9 ( e )  are f l igh t -de te rmined  s ta t ic  p r e s s u r e  
c o r r e c t i o n s   c o r r e s p o n d i n g   t o   t h e   p o s i t i o n   e r r o r s   f o r   o r i f i c e s   i n   t h e  same 
l o c a t i o n s  as o r i f i c e s  21 and 22 ( re f .   12) .  The c o r r e c t i o n  a t  a Mach number of 
0.30 (not  shown i n   f i g .   9 ( a ) )  i s  e s s e n t i a l l y   z e r o .   T h e s e   c o r r e c t i o n s  were 
de f ined   on ly  as a f u n c t i o n  of Mach number (no t   ang le  of a t t a c k   o r   s i d e s l i p ) .  
The d i sc r . epanc ie s   be tween   t he   f l i gh t -de t e rmined   co r rec t ions   fo r   t he   s t anda rd  
sh ip   sys tem  and   those   der ived   . f rom  the   wind   tunnel   for   the  a l l  f l u s h   o r i f  ice 
system are not   excess ive ,   and   cause  a maximum d i f f e r e n c e   o f  0.012 i n  Mach 
number  when Mach number is d e r i v e d   f r o m   t h e   r a t i o  of s t a g n a t i o n   p r e s s u r e   t o  
s t a t i c  p r e s s u r e  (see below). 

Mac h Numb e r 

The p rev ious   d i scuss ion   has  shown t h a t   v a r i o u s   c o m b i n a t i o n s  of f l u s h   o r i -  
f i c e s   c a n   b e   u s e d   t o   d e t e r m i n e   s t a g n a t i o n   p r e s s u r e ,  s t a t i c  p r e s s u r e ,   a n g l e  of 
a t t a c k ,   a n d   a n g l e  of s i d e s l i p .   I n   g e n e r a l ,   c o n v e n t i o n a l   p r o c e d u r e s   c a n   b e  em- 
p l o y e d   f o r   f l u s h   o r i f i c e   s y s t e m s   t o   d e t e r m i n e   s u c h  a i r  d a t a   q u a n t i t i e s  as Mach 
number a n d   p r e s s u r e   a l t i t u d e .  

For example, Mach number can   be   de te rmined   by   measur ing   s tagnat ion   pres -  
s u r e  and s ta t ic  p r e s s u r e ,   c o r r e c t i n g   b o t h   f o r   p o s i t i o n   e r r o r ,   a n d   t h e n   u s i n g  
t h e   r a t i o  of t h e   c o r r e c t e d   p r e s s u r e s   i n   t h e  w e l l  known a d i a b a t i c   e q u a t i o n  
that  relates t h e   r a t i o   t o  Mach number. F o r   t h i s   m e t h o d ,   t h e   b e s t   r e s u l t s  
would   be   ob ta ined   by   us ing   or i f ice  8 to   measu re   s t agna t ion   p re s su re   and  by 
a v e r a g i n g   t h e   p r e s s u r e s   f r o m   o r i f i c e s . 2 1   a n d  22 t o   a r r i v e  a t  a measurement f o r  
s t a t i c  p res su re .  The s e l e c t i o n  of t h e s e   o r i f i c e s  i s  based on t h e   p r e v i o u s  
d i scuss ion .  However, f o r   f l u s h   o r i f i c e   s y s t e m s   t h a t   d o   n o t   p r o v i d e   p r e s s u r e  
measurements   tha t   can   be   cons idered   measurements   o f   s tagnat ion   pressure   o r  
s t a t i c  p res su re ,   o the r   me thods  may b e  more   su i tab le .  

One a l t e r n a t i v e  i s  t o   d e t e r m i n e  Mach number t h r o u g h   c a l i b r a t i o n ,   u s i n g  
t h e   r a t i o  of any two s u i t a b l e   p r e s s u r e s .  The s u i t a b i l i t y   o f   t h e   s e l e c t e d  
pressures  would  depend on the   behav io r  of t h e   c o r r e s p o n d i n g   p r e s s u r e   r a t i o  
when p l o t t e d   a g a i n s t  Mach number ( t h e   m a g n i t u d e ,   s l o p e ,   a n d   l i n e a r i t y   o f   t h e  
c u r v e )   a n d   t h e   i n s e n s i t i v i t y   o f   t h e   p r e s s u r e   r a t i o   t o   c h a n g e s   i n   a n g l e  of 
a t t a c k   a n d   s i d e s l i p .   R e f e r e n c e  4 d e s c r i b e s   t h e   d a t a   r e d u c t i o n   p r o c e d u r e s   f o r  
both  methods. 

F igures  20 t o  25 show how t h e   a p p r o p r i a t e   p r e s s u r e   o r i f i c e   c o m b i n a t i o n  
might   be   chosen   i f  Mach number were  to   be  determined  using  the  second  method.  
The f i g u r e s   p r e s e n t   p r e s s u r e   r a t i o s   f o r   v a r i o u s   c o m b i n a t i o n s  of p r e s s u r e   o r i -  
f i c e s  a t  b o t h  0" and   5"   o f   s ides l ip .   In   each  case, one  of   the  pressures   on 
the   nose  was used   fo r   t he   h ighe r   p re s su re   (wh ich  i s  put   in   the   numera tor )   and  
an  average  of  two s t a t i c   p r e s s u r e s  was used   for   the   lower   p ressure   (which  i s  
put   in   the   denominator ) .   Curves  are shown f o r   t h r e e   a n g l e s  of a t t a c k .  The 
r a t i o s   o f   t h o s e   p r e s s u r e s  are v e r y   c l o s e   t o   t h e   s t a g n a t i o n - t o - s t a t i c   p r e s s u r e  
r a t i o ,  as shown i n   f i g u r e   2 0 ( a ) ,   w h i c h   i n c l u d e s   t h e   v a l u e s  of t h e   s t a g n a t i o n -  
t o - s t a t i c   p r e s s u r e   r a t i o .   H e n c e ,   t h e   s e n s i t i v i t y   o f   t h e   p r e s s u r e   r a t i o   t o  
Mach number i s  q u i t e   s a t i s f a c t o r y .   I n   a d d i t i o n ,   t h e   c u r v e s  are qui te   smooth  
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and  only  slightly  nonlinear.  The  major  .differences  in  the  measurements  from 
the  different  combinations of orifices  are  due  to  angle of attack  sensitivity; 
variations  with  angle  of  attack  for  the  various  orifice  combinations  are  shown 
in figures  26  to 31. The  combination  that  varies  least  with  changes  in  angle 
of attack  is  the  combination of orifices 7, 19, and 20 (fig.  21). This 
combination  was  judged  to  be  the  best  combination  for  Mach  number 
determination  despite  the  greater  insensitivity  of  pressure  ratios  that 
include  pressures  from  orifices  21  and 22 to  changes  in  sideslip (fig.  27). 

An  evaluation  was  also  made of  the  feasibility  of  using an air  data 
system  consisting of flush  orifices  confined  to  the  nose  section. In this 
evaluation  the  orifices  were  confined  to  those  in  the  vertical  plane  of  sym- 
metry. The  results  of  this  evaluation  for  Mach  number  determination  are  pre- 
sented in figure 32. Compared  with  pressure  ratios  that  include  pressures 
measured  on  the  fuselage,  the  pressure  ratios  for all  nose  orifices  vary  con- 
siderably  with  angle of attack. The  variations  with  angle of sideslip,  how- 
ever,  are  relatively  small  (figs. 33 and 3 4 ) .  The  ratio  using  orifice 6 has 
less  variation  with  angle of  attack  than  that  using  orifice 7. Although  the 
variations  are  large  for  both  pressure  ratios,  they are  systematic,  indicating 
that  they  could  be  used--admittedly  with  less  accuracy  than  pairs  including 
orifice  pairs 19, 20  or  21,  22--for  Mach  number  determination. 

CONCLUDING REMARKS 

A  wind  tunnel  study  was  made  to  investigate  the  feasibility  of  using an 
all  flush  pressure  orifice  system  as  a  complete  subsonic  air  data  system  for  a 
conventional  aircraft.  The  study  used  a  0.035  scale  model  of  the  KC-135A  air- 
plane (a subsonic  cruise  aircraft)  and  covered  a  Mach  number  range of  0.30 
to 0.90, an angle  of  attack  range  of  -2"  to 16",  and  angles  of  sideslip  of 0" 
and 5". The  orifices  were  in  fixed  locations  on  the  forebody  and  fuselage. 

The test  data  indicated  that  the  system  could  be  used as  a  complete  air 
data  system  at  subsonic  speeds.  An  optimum  system  would  utilize  orifices  on 
the  nose  of  the  aircraft  in  a  configuration  similar  to  that  described  for  the 
measurements  necessary  to  determine  stagnation  pressure,  angle  of  attack,  and 
angle  of  sideslip. Flush  orifices  on  the  sides  of  the  fuselage  at  locations 
corresponding  to  standard  Pitot-static  system  sensors  can  be  used  for  static 
pressure  measurements.  At  some  sacrifice  of  accuracy,  orifices  located  only 
on the  aircraft  nose  can  be  used as  a  complete  air  data system. A  full  scale 
flight  evaluation of flush  orifice  systems,  including  a  comparison  with  the 
accuracy  of  conventional  Pitot-static  air  data  systems, is recommended. 

Dryden  Flight  Research  Center 
National  Aeronautics  and  Space  Administration 

Edwards,  Calif . , J u l y  16, 1979 
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B ,  
deg 

5.4 
5.4 
5.3 
5.3 
5.3 
5.3 
5.4 

5.3 
5.4 
5.3 
5.3 
5.3 
5.3 
5.4 

5.3 
5.3 
5.3 
5.3 
5.2 
5.2 
5.2 
5.2 
5 e1 
5.1 
5.3 

5.2 
5.2 
5.2 
5.2 
5.2 
5.2 
5.1 
5.1 
5.1 
5.0 
5.2 

5.1 
5.1 
5.1 
5.1 
5.1 
5.0 
5.0 
5 e0 
4.9 
5.1 

( a )  B = 5' 

R ,  
per m 

9.80 X 10 
9.79 
9.79 
9.70 
9.79 
9.79 
9.78 

6 

9.19 
9.17 
9.17 
9.18 
9 -17 
9.17 
9.18 

8 e65 
8.64 
R e63 
8 62 
8 -63 
9.63 
8.53 
4 e64 
8.63 
R . 6 3  
8.64 

9.09 
9 a05 
9.10 
9.10 
9.13 
9 e 0 8  
9.06 
9.06 
9.07 
9 e07 
9.07 

5.84 
5.83 
5.83 
5 e 8 2  
5 e 8 2  
5.81 
5.81 
5 -81 
5.81 
5.80 

k Pa 
Pt s 

76 e 16 
76.16 
76.15 
76 12 
76 15 
76.16 
76.14 

76 16 
76.13 
76.13 
76.15 
76 15 
76.13 
76 14 

76.12 
76.13 
76.12 
76.09 
76.12 
76.11 
76.12 
76 12 
76.12 
76.11 
76.12 

101.49 
101.51 
101.53 
101.52 
101.54 
101.50 
101 e 45 
101.45 
101.47 
101 47 
101  -46 

101.45 
101  -46 
101  a46 
101.45 
101.46 
101.46 
101.46 
101.46 
101.46 
101 45 

PC0 9 

kPa  

45.02 
45 S O 2  
44.98 
45 e 0 2  
44.99 
45.03 
45 08 

50.93 
50.94 
50.96 
50.93 
50.94 
50.94 
50.95 

54.87 
54.87 
54.86 
54.88 
54.87 
54.87 
54.87 
54.87 

54.8h 
5 4.87 

85.60 
95.57 
85.59 
85.59 
85.60 
85.55 
85.57 
85.59 
85 60 
85.58 
85.59 

54. e a  

95.37 
95.39 
95.39 
95.40 
95.40 
95.41 
95.40 
95.40 
95.39 
95.39 

4, 
kPa  

25.5 
25.5 
25.6 
25.5 
25.5 
25.5 
25.5 

21.7 
21.7 
21.7 
21.7 
21.7 
21.7 
21 e7 

18.8 
18 .8 
18. 8 
18.8 
18.8 
18.8 
18.9 
18 .e 
18.8 
18.9 
18. 8 

14.9 
15.0 
15.0 
15.0 
15.0 
15.0 
14.9 
14.9 
14.9 
14.9 
14.9 

6.0 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
5.9 
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TABLE 1.--Concluded 

a, 
M 

8, 
deg deg 

-901 

0.0 - 0 1 7  . 9 0 1  
0.0 7.91 9 0 0  
0.0 5.93  ,900 
0.0 3.89 e 9 0 1  
0.0 1.94 s 9 0 0  
0.0. "07   e899  
0.0 -2.14 

.7RO -2.12 0.0 
e779  -e09 0.0 
.7eo 1.94 0.0 
.7eo 3.88 

0.0 -.09 .780 
0.0 9.91 - 7 P O  
0.0 7.87 .780 
0.0 5.88  .780 
0.0 

700 

0.0 1.90 a700 
0.0 " 0 7  - 7 0 0  
0.0  -2.10 

0.0 1 1 0 9 0  a700 
0.0 9.07 070G 
0.0 7.90 -700 
0.0 5.68 ,700 
0.0 3 0 9 1  e700 

D702 0.0 13.91  
,700 

0.0 -.11 e 7 0 0  
0.0 1 5 - 9 0  

.500 -2.11 0.0 
,500 

0.0 3.90 - 5 0 0  
0.0 1.89 e5G0 
0.0 -.12 

0.0 -.14 .50@ 
0.0 15.91  e500 
c.0 13.91   ,500 
0.0 11.07 -500 
0.0 9.85 . 5 0 0  
0.0 7.89 .500 
0.0 5.92 500 

, 3 0 0  -2.14 0.0 
e300 - . 13  0.0 
0 301  1 .89 0.0 
.300 3.86 0.0 
.3oo 0. o 5 . 8 e  

13.88 

(b) 8 = 0" 

R ,  
per m 

9.79 x 106 
9.78 
9.78 
9.79 
9.78 
9.79 
9.80 

9.18 
9.17 
9.16 
9.17 
9.17 
9.17 
9.17 
9. 1 8  

8.65 
8.63 
8.63 
8.63 

8.64 
8 - 6 3  

8.63 
0.64 
R - 6 4  
8.63 
6 - 6 4  

9.09 
9 e 0 8  
9.09 
9.09 
9.09 
9.08 
9.09 
9.08 
9 e09 
9.08 
9.09 

5 .87  
5.87 
5.88 
5.86 
5.85 
5.85 
5.84 
5.04 
5.85 
5.85 
5.07 

76  e15 
76.12 
76.12 
76.12 
7 6  1 2  
76.13 
76.14 

76.14 
76.13 
76.12 
76.12 
76.13 
76.12 
76.13 
76.13 

45 00 
45 0 3  
44.99 
44.98 
45.03 
4 5  O@ 
44.95 

50.95 
50.97 
5 0  96  
50.93 
50.92 
50.95 
50.93 
50.94 

25 -5 
-25.5 
25.5 
2 5 . 5  
25.5 
25.5 
25 e 6  

21.7 
21.7 
21.7 
21.7 
21.7 
21.7 
21.7 
21.7 

7 6  1 2  
7 6  1 3  
76.13 
76.12 
76.12 
76.13 
7 6  1 2  
76.13 
76.13 
76.12 
76.13 

54.87 
54.87 
54.87 
54.87 
54.88 
54.87 
54.87 
54.87 
54.82 
54.86 
54.87 

18.8 
18.8 

1 18.8 
1 18.8 

18.8 
18.8 
18.8 
18.8 
1ea9 
18.8 
18.8 

~ 

101.51 85.58 
1 0 1 . 5 1  85.57 
101.53 85 .57  
101.52  85.58 
1 0 1   e 5 2  85.5 7 
1 0 1 . 5 1  85.58 
101.51  85.56 
101.51  85.59 
101.5 1 85.57 
101.51  85.58 
101.51  85.57 

1 0 1  e52 95.37 
L O 1  54 95 s 3 9  
101.55 95 .36  
101.55 95  e39 
1 0 1   0 5 5  95 40 
1 0 1  e55 95.39 
101.55 95.41 
101.54 95.39 
101.54 95.36 
101.52 95.37 
101.55 95.35 

15.0 
15.0 
1 5  m i l  

15.0 
15.0 
15 .0  
15.0 
15.0 
1 5  a 0  
15.0 
15.0 

6.0 
6.0 
6 e 0  
6.0 
6 -0 
6.0 
6 a 0  
6.0 
6.0 
6.0 
6.1 
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p . ,~~~~ ,,-Moment reference  center 
6.40 
1 

I ". 

\ 

34 

Moment  reference  center 

Figure  1. Drawing  of 0.035  Scale  KC-135A model .  Dimensions 
are i n  centimeters. 
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Figure  2 .  Photograph of 0.035 s c a l e  model i n  8-Foot T r a n s o n i c  
P r e s s u r e   T u n n e l .  



Z 

1 

2 
3 

r2 
( a )  Nose pressure o r i f i c e  arrangement 
relat ive   to  Y-Z axes o f  model. 

I Model coordinate. cm 

X Y Z 

Nose orifices 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

-___ 

1.24 
0.87 
0.57 
0.03 
0.01 

0 
0.01 
0.03 
0.05 
0.09 
0.17 
0.37 
0.40 
0.18 
0.07 
0.07 
0.18 
0.40 

0 
0 
0 
0 
0 
0 
0 
0 
0 "  
0 
0 
0 

-1.01 
-0.72 
-0.49 
0.49 
.O. 72 
1.01 

1.60 
1.36 
1.14 
0.22 
0.11 
0 

-0.11 
-0.22 
-0.33 
-0.43 
-0.62 
-0.89 

0 
0 
0 
0 
0 
0 

Fuselage orifices 

-4.90 
26.26 Left -4.90 

( c )  Coordinates of  pressure 
019 (20) 

0 2 1  (22) 
o r i f i c e s  on nose and fuselage. 

( b )  Arrangement of s t a t i c  pressure 
or i f   i ce s  on fuselage  of model. 
Not to  scale.  Numbers i n  paren- 
theses refer to   o r i f i ce s  on o p p s i t e  
side  of  vehicle. 

Figure 3 .  Locations of   pressure  orif ices on model. 

. .  
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Orifice 
1.6 

1.2 

.8 

.4 

z, cm 0 

-.4 

-.8 

-1.2 

Orif ice e, deg 
1 -90 
2 -75 
3 -60 
4 -10 
5 -5 
6 0 
7 -  5 
8 10 
9 15 
10 20 
11 30 
12 45 

contour 

with  center at x = 1.24 cm, 
y = O c m ,   z = O c m  

Solid  line  is model nose 

Dashed l ine  is  arc of circle 

.4 .8 1.2 1.6 
x, cm 

( a )  Or i f ices   in  plane of vertical  centerline. 

18 

Figure 4 .  Location of  pressure  orifices on nose of model 
plotted  in x, z coordinates. 
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1.6 

1.2 

.a 

.4 

-.4 

-.a 

-1.2 

-1.6 

Orifice p, deg 
6 0 
13 -45 
14 -30 
15  -20 

Orifice 16 20 

Solid line is model nose 

Dashed line is arc of circle 
contour 

with center at x = 1.24 cm, 
y=Ocm,  z=Ocm 

6 

0 .4 .a 1.2  1.6 
x, cm 

( b )  Ori f   ices   in  plane of horizontal  center1  ine. 

Figure 4 .  Concluded. 
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1 

9 ,  deg 
-10 

-5 

0 

5 

9,  deg 
10 

15 

20 

30 

45 

( a )  M = 0.30. 

F i g u r e  5 .  R a t i o  of pressures   measured  on v e r t i c a l  
centerline of nose t o  s t a g n a t i o n   p r e s s u r e   p l o t t e d  
a g a i n s t   a n g l e  of a t t a c k .  f3 = 0 ' .  
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1 .oo 0 ,  deg 
-10 

-5 

0 
5 

Pi 0 ,  deg 

* '8 10 

15 " p9 

-10 20 
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(b) M = 0.50. 

Figure 5. Continued. 
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.32 

* 88 

.80 

.76 

- 72 
-q 0 Lf 8 12 16 

a1 deg 

(c) M = 0.70. 

Pi 8, deg 

" p4 

p5 

* p7 

-10 

-5 

0 

5 
'6 

Pi e ,  deg 

* p8 

" p9 

plo 
PI1 " p12 

10 

15 
-0- 20 

30 

45 

Figure 5. Continued. 
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Pi 
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( d )  M = 0.78. 

Figure 5. Continued. 

Pi 0 ,  deg 

" p4 
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-10 

-5 
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Pi 0 ,  deg 

p9 

p10 
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* pa 10 
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U- 20 
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45 
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.8Ll 
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.76 

.72 
-Lf 0 Y a 12 16 

Figure 5. Concl uded. 

Pi . 8 ,  de9 
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-10 

-5 

0 
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'6 

Pi 0 ,  deg 

" p8 

p9 

u p10 - p11 

-" p12 
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20 
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1 8 ,  deg 
10 

15 

20 
30 

45 

( a )  M = 0.30. 

F i g u r e  6 .  R a t i o  of p r e s s u r e s   m e a s u r e d  on v e r t i c a l  
centerline of nose t o  s t a g n a t i o n   p r e s s u r e   p l o t t e d  
a g a i n s t   a n g l e  of a t t a c k .  8 =  5O. 



Pi 0,  deg 

" p4 
" p5 

p7 

-10 

-5 

* '6 0 
* 5 

Pi 8 ,  deg 

-b '8 10 

15 
-0 20 

30 
45 

p9 

plo 
" p11 

-u p12 

Figure 6. Continued. 



0 ,  deg 
10 
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20 

30 

45 

(c) M = 0.70. 

F i g u r e  6. Continued. 
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a, deg 

(d) M = 0.78. 

Pi 0 ,  deg 

" p4 
" p5 

p7 

-10 

-5 

0 
* 5 

'6 

Pi 8 ,  deg 

* '8 10 

" Pg 15 
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45 

Figure 6. Continued. 
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F i g u r e  6 .  Concluded.  
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.6 

.6 

0 

- .2 

-1  

-1 

- 1  

Pi 

p7 

p9 

plo 
p11 

p12 

'8 

F i g u r e  7 .  P r e s s u r e   p a r a m e t e r  for s e l e c t e d  
o r i f i c e s   p l o t t e d   a g a i n s t   a n g l e  of a t t a c k .  
6 = 00. 

0 ,  deg 
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10 

15 

20 

30 

45 



" 2  
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(b) M = 0.50. 
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Figure 7. Continued. 
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(C) M = 0.70. 

Figure 7. Continued. 
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(d) M =  0.78. 
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Figure 7. Continued. 
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( e )  Pf = 0.90. 

F i g u r e  7 .  Concluded.  
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( a )  M = 0.30. 

F i g u r e  8 .  P r e s s u r e   p a r a m e t e r  f o r  
orif ices p l o t t e d   a g a i n s t   a n g l e  of  
B =  50. 

* pll 30 " 
p12 45 

selected 
a t t a c k .  
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F i g u r e  8. Continued. 
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F i g u r e  8. Continued. 
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(d) M = 0.78. 

Figure 8. Continued. 
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Figure 8. Concluded. 
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F i g u r e  9 .  S t a t i c   p r e s s u r e  correction f o r  f u s e l a g e  
p r e s s u r e  orifices p l o t t e d   a g a i n s t   a r g l e   o f   a t t a c k .  
S i n g l e   o r i f i c e s  and  averaged orif ices.  B = Oo. 
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Figure 9. Continued. 
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(C) M = 0.70. 

F i g u r e  9. Continued. 
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Figure 9. Continued. 
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Figure 9. Concluded.  
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F i g u r e  10. S t a t i c   p r e s s u r e  correction f o r  f u s e l a g e  
p r e s s u r e  or i f ices  p l o t t e d   a g a i n s t   a n g l e  of a t t a c k .  
S i n g l e  orif ices and  averaged orif ices.  B = 5O. 
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Figure 10. Continued. 
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Figure 10. Continued. 
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F i g u r e  11. A n g l e  of a t t a c k   p a r a m e t e r   s e n s i t i v i t y  for two 
p r e s s u r e  orif ice pairs p l o t t e d   a g a i n s t  Mach number. 
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F i g u r e  12. Angle of a t t a c k   a t  which Apa e q u a l s   z e r o  
p l o t t e d   a g a i n s t  Mach number. 
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F i g u r e  13. T~ p r e s s u r e   p a r a m e t e r   p l o t t e d   a g a i n s t  
a w l e  of a t t a c k .  B = Oo. 
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F i g u r e  17. A n g l e  of s i d e s l i p   p a r a m e t e r  sensi t iv i ty  f o r  three p r e s s u r e  
orif ice p a i r s   p l o t t e d   a g a i n s t  Mach number. 
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F i g u r e  18. Concluded .  
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F i g u r e  19. TB p a r a m e t e r   p l o t t e d   a g a i n s t   a n g l e  
of a t t a c k .  M = 0.30. 
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F i g u r e  20. P r e s s u r e   r a t i o  for  d e t e r m i n a t i o n  of Mach  number 
f o r  a c o m b i n a t i o n  of nose a n d   f u s e l a g e   p r e s s u r e  orifices. 
Orifices 6 ,  19 ,  and 20. 
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(b) 6 = 5'. 

F i g u r e  20. Concluded .  
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F i g u r e  21. P r e s s u r e   r a t i o  f o r  d e t e r m i n a t i o n  of  Mach number 
f o r  a combina t ion  of nose and f u s e l a g e   p r e s s u r e  orifices. 
Orifices 7 , 1 9 ,  and 20. 
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Figure  22. P r e s s u r e   r a t i o  f o r  d e t e r m i n a t i o n  of Mach number 
for a combina t ion  of nose and f u s e l a g e   p r e s s u r e  ori f  ices. 
Orifices 6 ,  2 1 ,  and 22. 
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Figure 22. Concluded. 
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F i g u r e  23. P r e s s u r e   r a t i o  for d e t e r m i n a t i o n  of Mach number 
f o r  a combina t ion  of nose and f u s e l a g e   p r e s s u r e  orifices. . 

Orifices 7 ,  21 ,  and 22. 
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Figure 23. Concl uded. 
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F i g u r e  24.  P r e s s u r e   r a t i o  for d e t e r m i n a t i o n  of  Mach number 
for a c o m b i n a t i o n  of nose and f u s e l a g e   p r e s s u r e  orifices. 
Orifices 8 ,  1 9 ,  and 20.  
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F i g u r e  25. P r e s s u r e   r a t i o  for d e t e r m i n a t i o n  of Mach  number 
for a c o m b i n a t i o n  of nose and f u s e l a g e   p r e s s u r e  orifices. 
O r i f  ices 8 ,  2 1 ,  and 22. 
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F i g u r e   2 6 .   P r e s s u r e   r a t i o  for d e t e r m i n a t i o n  of  Mach number 
p l o t t e d   a g a i n s t   a r g l e  of a t t a c k   u s i l l g  a combina t ion  of  nose 
and f u s e l a g e  orifices. Orifices 6 ,  19, and  20. 
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F i g u r e   2 7 .   P r e s s u r e   r a t i o  f o r  d e t e r m i n a t i o n  of Mach number 
p l o t t e d   a g a i n s t   a n g l e  of a t t a c k   u s i n g  a combina t ion  of nose 
and f u s e l a g e  orifices. Orifices 7 ,  19, an3 20. 
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F i g u r e  28. P r e s s u r e   r a t i o  f o r  d e t e r m i n a t i o n  of  Mach number 
p l o t t e d   a g a i n s t   a n g l e  of a t t a c k   u s i n g  a combina t ion  of nose 
and f u s e l a g e  orifices. Orifices 6 ,  21,  and 22. 
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F i g u r e  29. P r e s s u r e   r a t i o  f o r  d e t e r m i n a t i o n  of  Pfach  number 
p l o t t e d   a g a i n s t   a n g l e  of  a t t a c k   u s i n g  a combina t ion  of nose 
and f u s e l a g e  orif ices.  Orifices 7 ,  2 1 ,  and 22.  
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F i g u r e  30. P r e s s u r e   r a t i o  for d e t e r m i n a t i o n  of Mach number 
p l o t t e d   a g a i n s t   a n g l e  of a t t a c k   u s i n g  a combina t ion  of nose 
and f u s e l a g e  orifices. Orifices 8 ,  19 ,  and 22. 
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F i g u r e  30. Concluded. 
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( b )  M = 0.50. 

( c )  M = 0.70. 

Figure  31. P r e s s u r e   r a t i o  f o r  d e t e r m i n a t i o n  of Mach number 
p l o t t e d   a g a i n s t   a n g l e  of a t t a c k   u s i n g  a   combinat ion  o f  nose 
and f u s e l a g e  orifices. Orifices 8 ,  2 1 ,  and 22. 
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F i g u r e  32. P r e s s u r e   r a t i o  f o r  d e t e r m i n a t i o n  of  Mach number 
usiIlg o n l y  orifices on nose. B = Oo . 

89 



1.50 

1.45 

1.40 

1.35 

1.30 

pi’ 

P1 
- 1.25 

1.20 

1.15 

1.10 

1 

l -0~1 

1.00 1 1 
.4 .5 .6 .7 .a .9 

M 

(b) Orifices 1 and 7. 

F i g u r e .  32. Concluded. 
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F i g u r e  33.  P r e s s u r e   r a t i o  f o r  d e t e r m i n a t i o n  of Mach number 
p l o t t e d   a g a i n s t   a r g l e  of s i d e s l i p .  Orifices 1 and 6 .  
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