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SUMMARY 

F l i g h t  test  and t h e o r e t i c a l  aerodynamic d a t a  were o b t a i n e d  f o r  a f l i g h t  tes t  
f i x t u r e  mounted on t h e  unde r s ide  of an F-104G a i r c r a f t .  The t h e o r e t i c a l  data  w e r e  
gene ra t ed  u s i n g  t w o  codes:  ( 1  ) a two-dimensional t r a n s o n i c  code c a l l e d  code H I  and 
( 2 )  a three-d imens iona l  subsonic  and supersonic  code c a l l e d  wing-body. P r e s s u r e  
d i s t r i b u t i o n s  gene ra t ed  by t h e  codes f o r  the  f l i g h t  t es t  f i x t u r e ,  as w e l l  as 
boundary-layer  d i sp lacement  t h i c k n e s s  genera ted  by t h e  two-dimensional code, were 
compared w i t h  t h e  f l igh t -measured  data. The two-dimensional code p r e s s u r e  d i s t r i -  
b u t i o n s  compared w e l l  excep t  a t  t h e  minimum p r e s s u r e  p o i n t  and t h e  t r a i l i n g  edge. 
Shock l o c a t i o n s  compared w e l l  excep t  a t  high t r a n s o n i c  speeds.  However, t h e  t w o -  
d imens iona l  code d i d  n o t  adequa te ly  p r e d i c t  the d i sp lacemen t  t h i c k n e s s  of  t h e  
f l i g h t  tes t  f i x t u r e .  The three-dimensional  code pressure d i s t r i b u t i o n s  compared 
w e l l  excep t  a t  t h e  t r a i l i n g  edge of  t h e  f l i g h t  test f i x t u r e .  

INTRODUCTION 

The use  of t h e o r e t i c a l  p r e d i c t i o n  techniques can be a u s e f u l  tool  i n  most engi-  
n e e r i n g  a p p l i c a t i o n s .  I n  t h e  case of aerodynamics, many computer codes  e x i s t  t h a t  
a i d  t h e  eng inee r  w i t h  the des ign  and a n a l y s i s  of a i rcraf t  and a i r c r a f t  components. 
Two commonly used cod06 are a two-diae&onaf transonic ana lys i s  code developed by 
Bauer, Garabedian,  Korn, and Jameson (ref.  1 1 ,  and a three-d imens iona l  subson ic  and 
s u p e r s o n i c  wing-body a n a l y s i s  code developed by Woodward (ref.  2 ) .  Both a n a l y s i s  
codes  have been used s u c c e s s f u l l y  i n  p r e d i c t i n g  parameters f o r  s p e c i f i c  shapes .  
For example, t h e  two-dimensional code, h e r e a f t e r  r e f e r r e d  t o  as code H, h a s  b e e n  
used s u c c e s s f u l l y  f o r  t h e  p r e d i c t i o n  of s u p e r c r i t i c a l  a i r f o i l  c h a r a c t e r i s t i c s ;  t h e  
three-d imens iona l  code,  h e r e a f t e r  r e f e r r e d  t o  as t h e  wing-body code, h a s  been used 
s u c c e s s f u l l y  to p r e d i c t  t h e  c h a r a c t e r i s t i c s  of v a r i o u s  wing-fuselage c o n f i g u r a t i o n s .  

Wind t u n n e l  tests are f r e q u e n t l y  used a s  a means of o b t a i n i n g  expe r imen ta l  data. 
However, such d a t a  u s u a l l y  must be co r rec t ed  t o  o b t a i n  r e s u l t s  t h a t  are v a l i d  f o r  
f l i g h t  v e h i c l e s .  When conduct ing  wind tunnel  tests, c o n s i d e r a t i o n  must be g iven  t o  
l i m i t a t i o n s  such  as scale e f f e c t s  due t o  Reynolds number, s i z e  l i m i t a t i o n s  f o r  
models o r  t e s t  specimens due t o  t es t  s e c t i o n  dimension,  and improper s c a l i n g  of  
n o i s e  or t u r b u l e n c e  l e v e l s  i n  t h e  wind tunnel .  Unreliable data near Mach 1 due  t o  
problems such as shock r e f l e c t i o n s  o f f  of t h e  t u n n e l  w a l l s  must a l so  be cons ide red .  
The Dryden F l i g h t  Research F a c i l i t y  of NASA Ames Research Cen te r  (Ames-Dryden) h a s  
developed an ins t rumented  f l i g h t  tes t  f i x t u r e  (FTF) t h a t  can be a t t a c h e d  t o  t h e  
unde r s ide  of an  F-104G a i r c r a f t  and used a s  a " f l y i n g  wind tunnel ."  The FTF i s  
e s s e n t i a l l y  a low-aspect-ratio f i n  i n c o r p o r a t i n g  a wedge-shaped a i r f o i l .  

A need e x i s t s  (1) t o  v e r i f y  t h a t  code H w i l l  a c c u r a t e l y  p r e d i c t  t h e  aerodynamic 
parameters  for  shapes  o t h e r  t han  those  f o r  which it w a s  developed,  and ( 2 )  t o  f i n d  
a n  aerodynamic code t h a t  w i l l  predict  t h e  aerodynamic parameters f o r  t h e  shape used 
on t h e  PTF. The purpose of t h i s  s tudy  w a s  to  de te rmine  i f  t h e s e  t w o  codes could  
be used for t h e  s u c c e s s f u l  p r e d i c t i o n  of the  FTF aerodynamic parameters. To make 
t h i s  de t e rmina t ion ,  t h e  ins t rumented  FTF was a t t a c h e d  t o  t h e  unde r s ide  of  an F-104G 
a i r c r a f t  and f l i g h t  d a t a  w e r e  ob ta ined .  A t  Mach 0.6, 0.7, 0.8, 0.85, and 0.9, 



p r e s s u r e  d i s t r i b u t i o n s  and boundary-layer d i sp l acemen t  t h i c k n e s s e s  w e r e  determined 
from t h e  f l i g h t  t e s t  d a t a  and were compared wi th  t h e  p r e d i c t e d  v a l u e s  ob ta ined  u s i n g  
code H. Pressu re  d i s t r i b u t i o n s  between Mach 0.6 and 1 . 4  were made and compared t o  
those p r e d i c t e d  using t h e  wing-body code. 
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local streamwise chord of wing p a n e l ,  c m  ( i n )  

f l i g h t  test  f i x t u r e  

s t a t i c  p r e s s u r e ,  N/m2 ( l b / f t 2 )  

f ree-s t ream s t a t i c  p r e s s u r e ,  N/m2 ( l b / f t 2 )  

f ree-s t ream dynamic p r e s s u r e ,  0.7M2p,, N/m2 ( l b / f t 2 )  

Reynolds number 

chordwise d i s t a n c e  from l e a d i n g  edge, p o s i t i v e  a f t ,  c m  ( i n )  

r a t i o  of d i s t a n c e  from l e a d i n g  edge t o  local chord l e n g t h  

spanwise d i s t a n c e  from bottom of FTF, p o s i t i v e  up, c m  ( i n )  

a n g l e  of a t t a c k ,  deg 

boundary-layer displacement  t h i c k n e s s ,  c m  

DESCRIPTION 

F l i g h t  T e s t  F i x t u r e  

?he FTF had a low-aspect-ratio, f i n - l i k e  shape and w a s  mounted on t h e  u n d e r s i d e  
of an F-104G aircraf t .  The l o n g i t u d i n a l  a x i s  w a s  a l i g n e d  on t h e  a i r c r a f t  lower 
f u s e l a g e  c e n t e r l i n e  ( f i g .  1 ) .  The FTF ( f i g .  2 )  w a s  made p r i m a r i l y  of aluminum and 
weighed approximately 136 kg (300 l b ) ,  had a chord l e n g t h  of 203.20 c m  (80.0 i n ) ,  a 
span of 60.96 c m  (24.0 i n ) ,  and a c o n s t a n t  t h i c k n e s s  of 16.20 c m  (6.4 i n )  except f o r  
t h e  forebody. Two o p t i o n s  w e r e  a v a i l a b l e  f o r  forebody shapes:  ( 1 )  t h e  basic FTF 
shape w i t h  a sha rp  l e a d i n g  edge (wedged f o r e b o d y ) ,  and ( 2 )  t h e  r a d i u s e d  forebody 
i n c o r p o r a t i n g  t h e  f r o n t  p o r t i o n  of a symmetric supercrit ical  a i r f o i l .  Only t h e  
wedged forebody was used i n  t h i s  s tudy.  The f i n  a i r  d a t a  system c o n s i s t e d  of a 
p i t o t  s t a t i c  probe mounted on a boom and e x t e n d i n g  forward from t h e  FTF. The 
probe w a s  used t o  measure Mach number, a l t i t u d e ,  and dynamic pressure. 
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The FTF was equipped wi th  f l u s h  s t a t i c - p r e s s u r e  o r i f i c e s  f o r  measurements of 
chordwise and spanwise p r e s s u r e  d i s t r i b u t i o n s ,  and boundary-layer  rakes fo r  measure- 
m e n t  of t h e  boundary-layer  v e l o c i t y  p r o f i l e .  For t h i s  s t u d y ,  20 s t a t i c  o r i f i c e s  
were l o c a t e d  on each  s ide  of t h e  FTF ( f i g .  3 ) .  S i x t e e n  o r i f i c e s  were p laced  a long  
t h e  chord a t  approximate ly  t h e  50-percent span p o s i t i o n .  Four o r i f i c e s  were located 
a l o n g  a spanwise d i r e c t i o n  t o  de termine  spanwise f low c o n d i t i o n s .  The boundary- 
l a y e r  r a k e s  were mounted on both  sides of t h e  FTF a t  approximate ly  t h e  90-percent  
chord and 50-percent  semispan p o s i t i o n s .  The FTF is  described I n  more detai l  i n  
r e f e r e n c e  3. 

A pulse-code modulat ion system was used f o r  data a c q u i s i t i o n .  Data from t h i s  
system, which is  capable of m u l t i p l e x i n g  40 channe l s  a t  a maximum f requency  of 
80 Hz, were telemetered t o  t h e  ground computer and recorded onboard the a i r c r a f t .  
All p r e s s u r e  measurements w e r e  ob ta ined  by a 48-port  p ressure-scanning  va lve  and 
t w o  d i f f e r e n t i a l  p r e s s u r e  t r ansduce r s .  These p r e s s u r e  measurements w e r e  r e f e r -  
enced t o  t h e  s t a t i c  p r e s s u r e  measured by the  -FTF b o o m .  

A i r c r a f t  

The F-104G a i rc raf t  has an independent  i n s t r u m e n t a t i o n  system and an a i rc raf t  
f l i g h t  t r a j e c t o r y  guidance  system. Engineering parameters calculated on a ground- 
based computer a x e - u p l i n k e d  i n  real-time $0 a c o a p i t  Baspliry thx~ugh. the trajec- 
t o r y  guidance system. From this d i s p l a y ,  t h e  p i l o t  can  o b t a i n  real-time d e t e r -  
mina t ion  of errors i n  Mach number, Reynolds number, and s i d e s l i p ,  as w e l l  as bank- 
a n g l e  error d u r i n g  c o n s t a n t  Mach, angle-of a t t a c k ,  and a l t i t u d e  t u r n s .  

C o d e  H Analysis  

Bauer and h i s  associates a t  t h e  Courant I n s t i t u t e  of Mathematical  Sc iences  of 
N e w  York U n i v e r s i t y  developed a technique  of computing s u p e r c r i t i c a l  a i r f o i l  sec-  
t i o n s  and de te rmin ing  t h e  o f f -des ign  flow c o n d i t i o n s  ( r e f .  1 ) .  The equa t ions  of 
motion used i n  t h i s  method are t h e  equat ions  of p o t e n t i a l  f low.  The f low i s  assumed 
t o  be t r a n s o n i c ,  s t e a d y ,  i r r o t a t i o n a l ,  i n v i s c i d ,  compress ib le ,  and two-dimensional. 

I n s t e a d  of s o l v i n g  the problem of computing shock-f ree  t r a n s o n i c  f low over  a 
g iven  p r o f i l e ,  t h e  i n v e r s e  problem i s  solved. Tha t  is, a smooth t r a n s o n i c  f low is 
assumed and t h e  body t h a t  gene ra t ed  it is a s c e r t a i n e d .  T h i s  approach is t aken  t o  
e l i m i n a t e  c e r t a i n  mathematical  d i f f i c u l t i e s .  The problem is formula ted  by w r i t i n g  
t h e  e q u a t i o n s  of motion of t h e  i n v e r s e  problem i n  ma t r ix  form, ex tend ing  a l l  v a r i -  
ables i n t o  t h e  complex domain, i n t r o d u c i n g  c h a r a c t e r i s t i c  c o o r d i n a t e s ,  and then  
e x p r e s s i n g  t h e  e q u a t i o n s  of motion i n  c h a r a c t e r i s t i c  form. A t r e a t m e n t  of compres- 
s i b i l i t y  is made by combining a g e n e r a l  s o l u t i o n  w i t h  a s i n g u l a r  s o l u t i o n  related 
t o  t he  fundamental  s o l u t i o n  i n  t h e  hodographic p lane .  The formula ted  e q u a t i o n s  a r e  
s o l v e d  numer i ca l ly  us ing  a f i n i t e - d i f f e r e n c e  scheme. Hence, t h e  shape  t h a t  would 
r e s u l t  i n  t h e  smooth t r a n s o n i c  f low is  determined by t h i s  i n v e r s e  method, and t h e  
o f f - d e s i g n  f low c o n d i t i o n s  ( a t  d i f f e r e n t  angles  of  a t t a c k  and f ree-s t ream v e l o c i -  
t i e s )  a r e  also so lved .  
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Bauer and h i s  a s s o c i a t e s  modif ied and improved t h e i r  o r i g i n a l  work by i n t r o -  
duc ing  a bet ter  model of  the t r a i l i n g  edge and u s i n g  a r o t a t e d  f i n i t e - d i f f e r e n c e  
scheme t h a t  enabled t h e  use  of an  a r b i t r a r y  c u r v i l i n e a r  c o o r d i n a t e  system. such 
a c o o r d i n a t e  system pe rmi t s  the hand l ing  of supe r son ic  and subson ic  f r ee - s t r eam 
Mach numbers and t h e  c a p t u r i n g  of shock waves as f a r  a f t  on t h e  a i r f o i l  as d e s i r e d .  
The t u r b u l e n t  boundary l a y e r  i s  t r e a t e d  us ing  a semiempirical method, and t h e  
e f f e c t s  of displacement  t h i c k n e s s  on a i r f o i l  shape  are inc luded .  Shock waves are 
c a l c u l a t e d  wi th  weak s o l u t i o n s  t o  t h e  a p p l i c a b l e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  
t h a t  i n c l u d e  one o r  more shock waves s a t i s f y i n g  an  e n t r o p y  i n e q u a l i t y .  These modi- 
f i c a t i o n s  are  included i n  a new program des igna ted  code H ( r e f .  1 ) .  These programs 
a re  claimed t o  provide a p h y s i c a l l y  adequate  computer s i m u l a t i o n  of t h e  compressible 
p o t e n t i a l  problems of  t r a n s o n i c  f l o w  fo r  a smooth two-dimensional shape.  

Wing-Body Code Analys is  

The Boeing Company, under c o n t r a c t  w i t h  NASA Ames Research  Cen te r ,  has  deve l -  
oped a three-dimensional  wing-body cons t an t -p res su re  p a n e l  code f o r  subson ic  and 
s u p e r s o n i c  p o t e n t i a l  f l o w s .  The program c a l c u l a t e s  s t e a d y  p r e s s u r e  d i s t r i b u t i o n s  
on wing and wing-body combinat ions of a r b i t r a r y  planform i n  s u b s o n i c  and s u p e r s o n i c  
flow. The s u r f a c e  p r e s s u r e s  are i n t e g r a t e d  to  give l i f t ,  d r a g ,  and p i t c h i n g  
moment. The yawing and r o l l i n g  moments and t h e  side f o r c e  can  be de termined  f o r  
asymmetric conf igu ra t ions ;  however, for  this s tudy ,  o n l y  t h e  p r e s s u r e  c o e f f i c i e n t s  
p r e d i c t e d  f o r  t h e  FTF s u r f a c e  w e r e  used. I n  a d d i t i o n ,  the o r i g i n a l  v e r s i o n  of t h e  
A m e s  wing-body code was modif ied by pe r sonne l  a t  Ames, and an  updated  v e r s i o n  of  
t h i s  program w a s  made available t o  Ames-Dryden f o r  t h i s  s tudy .  

The method d i v i d e s  t h e  wing o n l y  or the wing-body combinat ion i n t o  numerous 
cons t an t -p res su re  pane l s .  A cons tan t -source  d i s t r i b u t i o n  is  used i n  t h e  body 
p a n e l s ,  and a vor tex  d i s t r i b u t i o n  i s  used i n  t h e  wing and t a i l  pane l s .  A n a l y t i c a l  
e x p r e s s i o n s  are obta ined  f o r  t h e  per turbat ion veloci t ies  induced  a t  each  panel .  
The p r e s s u r e  c o e f f i c i e n t  a t  t h e  panel c o n t r o l  p o i n t s  are t h e n  c a l c u l a t e d  i n  terms 
of t h e  p e r t u r b a t i o n  v e l o c i t i e s .  The forces and moments a c t i n g  on the wing-body 
combinat ion can  be c a l c u l a t e d  by u s i n g  a numeric i n t e g r a t i n g  scheme. 

A f u r t h e r  d e s c r i p t i o n ,  as w e l l  as previous a p p l i c a t i o n  of t h e  wing-body code a t  
Ames-Dryden, i s  given i n  r e f e r e n c e  4. 

MODELING OF FLIGHT TEST FIXTURE 

Code H Modeling 

I n  a l l  cases p resen ted ,  t h e  code w a s  operated for O o  a n g l e  of  a t t a c k ,  and f o u r  
smoothing i t e r a t i o n s  of t h e  FTF coordinates were made b e f o r e  t h e  aerodynamic shape  
w a s  conformly mapped i n t o  t h e  u n i t  circle. The c i rc le  w a s  overlaid w i t h  bo th  a 
coarse g r i d  o f  80- by 15-mesh i n t e r v a l s  and a f i n e r  g r i d  of 160- by 30-mesh i n t e r -  
v a l s  i n  t h e  angular  and r a d i a l  d i r e c t i o n s .  Flow c a l c u l a t i o n s  and boundary-layer  
c o r r e c t i o n s  w e r e  computed for  a maximum of 20 c y c l e s  on t h e  coarse g r i d ,  and a max- 
imum of  10 c y c l e s  on t h e  f i n e r  g r i d .  The convergence t o l e r a n c e ,  a t o l e r a n c e  of  t h e  
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maximum v e l o c i t y  p o t e n t i a l  and t h e  maximum c i r c u l a t i o n  c o r r e c t i o n s ,  w a s  s e t  a t  
+5 x 10-6. The program was ope ra t ed  u n t i l  t h e  convergence t o l e r a n c e  w a s  achieved.  
The boundary-layer c o r r e c t i o n  o p t i o n  of t h e  code w a s  used,  and t h e  t r a n s i t i o n  w a s  
s e t  a t  t h e  7.5-percent chord p o s i t i o n ,  To u t i l i z e  t h i s  o p t i o n ,  a Reynolds number 
R e  must a l so  be s p e c i f i e d .  I n  t h i s  case, Re = 2 x 106 and 14 X 106 w e r e  used. 

The FTF w a s  f i r s t  modeled u s i n g  46 upper and 46 lower s u r f a c e  p o i n t s  w i t h  a 
h i g h  d e n s i t y  of p o i n t s  a t  t h e  wedge c o r n e r  of t h e  FTF l o c a t e d  approximately a t  t h e  
17-percent  chord p o s i t i o n .  Because of t h e  d i s c o n t i n u i t y  a t  t h e  c o r n e r s ,  t h e  code H 
o p e r a t i o n  could n o t  be completed. A model with 46 upper and 46 lower s u r f a c e  p o i n t s  
w a s  a g a i n  at tempted.  This  t i m e ,  however, the s h a r p  c o r n e r s  of t h e  wedge w e r e  r a d i -  
used and t h e  c o o r d i n a t e s  were run through a separate smoothing program b e f o r e  being 
e n t e r e d  i n t o  t h e  two-dimensional code. Figure 4 shows a comparison of t h i s  model 
shape w i t h  t h e  a c t u a l  FTF shape. A comparison of t h e  p r e d i c t e d  and expe r imen ta l  
p r e s s u r e  d i s t r i b u t i o n s  f o r  Mach 0.7 i s  shown i n  f i g u r e  5. The code-predicted p res -  
s u r e  d i s t r i b u t i o n  appears t o  determine t h e  p re s su re  c o e f f i c i e n t  l e v e l s  w e l l ;  how- 
e v e r ,  t h e  peak v a l u e s  of p r e s s u r e  c o e f f i c i e n t s  d i f f e r  a t  approximately 7-percent  
chord i n  t h e  chordwise l o c a t i o n .  I n  a d d i t i o n ,  t h e  expe r imen ta l  d a t a  i n d i c a t e  a 
t r e n d  of d e c r e a s i n g  p r e s s u r e  a t  t h e  FTF t r a i l i n g  edge t h a t  i s  n o t  p r e d i c t e d  by t h e  
code. The v a r i a t i o n s  i n  t h e  peak p r e s s u r e  c o e f f i c i e n t  p o s i t i o n s  between t h e  exper- 
i m e n t a l  and t h e  computer-predicted d a t a  ( f i g .  5) were b e l i e v e d  t o  be caused by t h e  
d i f f e r e n c e s  i n  t h e  shape of t h e  ac tua l ’ and  t h e  computer models. 

To t e s t  t h i s  h y p o t h e s i s ,  t h e  code H program w a s  operated w i t h  a model c o n s i s t -  
i n g  of 16 upper and 16 lower s u r f a c e  p o i n t s .  T h i s  model w i t h  fewer p o i n t s  a l lowed 
t h e  smoothing s u b r o u t i n e  i n t e r n a l  t o  t h e  code t o  have a g r e a t e r  e f f e c t  ( f i g .  6). 
The shape of t h e  model i s  ve ry  s i m i l a r  t o  the a c t u a l  FTF. F igu re  7 shows good 
correspondence f o r  t h e  p o s i t i o n s  of the minimum p r e s s u r e  c o e f f i c i e n t s  determined 
from expe r imen ta l  and t h e o r e t i c a l  data. The noted l a c k  of c o r r e l a t i o n  of p r e s s u r e  
c o e f f i c i e n t s  a t  t h e  t r a i l i n g  edge w a s  n o t  bel ieved t o  be caused by modeling and is  
d i s c u s s e d  i n  t h e  RESULTS section of this report .  

Wing-Body Code Modeling 

Because t h e  wing-body code i s  three-dimensional,  t h e  F-104G a i r c r a f t  as w e l l  as 
t h e  FTF had t o  be modeled. The wing-body code a l lows  f o r  a maximum of 100 wing and 
100 body pane l s .  These p a n e l s  were d iv ided  among t h e  F-104G f u s e l a g e  and wing and 
t h e  FTF. 
F-104G wings,  and 50 pane l s  f o r  the FTF ( f i g .  8 ) .  The F-104G f u s e l a g e  w a s  modeled 
as a c y l i n d e r  w i t h  an  80.00 c m  (31.5-in) r ad ius ,  an  1160.00-cm (456.7-in) l e n g t h ,  
and a 470.00-cm- (185.0-in-) long c o n i c a l  nose. The F-104G wings were modeled as a 
biconvex s u r f a c e  wi th  a 3.36-percent t h i ckness  r a t io ,  a 230.00-cm (90.5-in) s e m i -  
s p a n  l e n g t h ,  an  18.60° back sweep of t h e  q u a r t e r  chord,  and a l o o  anhedra l .  To 
a l l o w  more p a n e l s  for  t h e  FTF, t h e  v e r t i c a l  and h o r i z o n t a l  s t a b i l i z e r s  were n o t  
i n c l u d e d  i n  t h e  mode 1. 

The f u s e l a g e  w a s  modeled wi th  96 panels ;  32 p a n e l s  were used f o r  t h e  
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RESULTS 

Code H P r e s s u r e  D i s t r i b u t i o n s  

The FTF p res su re  d i s t r i b u t i o n s  were c a l c u l a t e d  from expe r imen ta l  and t h e o r e t -  
i c a l  d a t a  f o r  Mach 0.7, 0.8, 0.85, and 0.9, as shown i n  f i g u r e s  9 ( a )  t o  9 ( d ) .  The 
expe r imen ta l  d a t a  w e r e  based on Mach numbers measured wi th  t h e  FTF nose boom as 
o n l y  the FTF w a s  modeled i n  t h i s  case. Code H w a s  used t o  c a l c u l a t e  t h e  t h e o r e t -  
i c a l l y  determined p r e s s u r e  c o e f f i c i e n t s .  A s  shown i n  f i g u r e  9 ( a ) ,  a t  Mach 0.7,  
t h e  f low a c c e l e r a t e d  and t h e  p r e s s u r e  c o e f f i c i e n t  dropped from t h e  l e a d i n g  edge 
o f  t h e  FTF t o  the p o i n t  on t h e  FTF where t h e  d i s c o n t i n u i t y  occur red  (approximately 
17-percent  chord ) .  Beyond t h i s  p o i n t ,  t h e  f low slowed as i t  changed d i r e c t i o n  and 
t h e  p r e s s u r e  c o e f f i c i e n t  i nc reased .  w i t h  t h e  excep t ion  of t h e  peak minimum v a l u e s  
o f  p r e s s u r e  c o e f f i c i e n t s ,  the  expe r imen ta l  d a t a  correlated w e l l  w i th  t h e  t h e o r e t i -  
ca l  data. Code H p r e d i c t e d  h i g h e r  minimum p r e s s u r e  c o e f f i c i e n t s  t han  w e r e  o b t a i n e d  
from t h e  f l i g h t  t e s t  d a t a .  N o  shock e x i s t e d  f o r  Mach 0.7, as s u p e r s o n i c  f low veloc-  
i t i e s  d i d  n o t  occur on t h e  FTF. 

For Mach 0.8, 0.85, and 0.9, t h e  f low a c c e l e r a t e d  from t h e  nose t o  t h e  s u r f a c e  
d i s c o n t i n u i t y  and reached a s o n i c  c o n d i t i o n ,  as i n d i c a t e d  i n  f i g u r e s  9 ( b )  t o  9 ( d ) .  
A s  t h e  f low turned through an ang le  of approximately 13.05O (one-half  of t h e  wedge 
a n g l e )  a t  t h e  d i s c o n t i n u i t y  p o i n t ,  it a c c e l e r a t e d  t o  a peak va lue  and went through 
a normal shock. The shock caused a r a p i d  i n c r e a s e  i n  t h e  p r e s s u r e  c o e f f i c i e n t  and 
a s lowing of t h e  flow t o  subson ic  v e l o c i t i e s .  F igu res  9 ( b )  t o  9 ( d )  r e v e a l  a f a i r l y  
good correspondence between t h e  expe r imen ta l  and t h e o r e t i c a l  d a t a .  However, t h e  
peak minimum values of p r e s s u r e  c o e f f i c i e n t s  d i f f e r e d ,  and as t h e  Mach number 
i n c r e a s e d  from 0.8 t o  0.85, t h e  p r e d i c t e d  shock l o c a t i o n  tended t o  s h i f t  beyond t h e  
20-percent chord p o s i t i o n .  For t h e  t h e o r e t i c a l  d a t a ,  t h e  shock a t  Mach 0.9 s h i f t e d  
t o  abou t  t h e  50-percent chord p o s i t i o n .  The shock remained nea r  t h e  20-percent 
chord p o s i t i o n  f o r  a l l  Mach numbers f o r  the expe r imen ta l  d a t a .  Hence, code H does 
n o t  a c c u r a t e l y  p r e d i c t  shock l o c a t i o n  f o r  t h e  wedge-shaped tes t  f i x t u r e  n e a r  Mach 1 
or  a t  h igh  t r a n s o n i c  speeds. 

A t  approximately t h e  70-percent chord p o s i t i o n  on t h e  FTF, t h e  two cu rves  
d ive rged  and t h e  expe r imen ta l  d a t a  r e v e a l e d  a d e c r e a s i n g  p r e s s u r e  t h a t  w a s  n o t  
p r e d i c t e d  by t h e  t h e o r e t i c a l  method. The d i s p a r i t y  between t h e s e  two cu rves  may 
be exp la ined  as fol lows.  The FTF can be cons ide red  t o  be a n  a f t - f a c i n g  s t e p  wi th  
a h e i g h t  e q u a l  t o  one-half t h e  f i x t u r e  width;  f l ight-measured p r e s s u r e  c h a r a c t e r -  
i s t ics  of t h e  a f t - f a c i n g  s t e p s  p re sen ted  i n  r e f e r e n c e  5 i n d i c a t e  t h a t  t h e  base 
p r e s s u r e  does a f f e c t  t h e  p r e s s u r e  measured upstream of t h e  a f t - f a c i n g  s t e p .  How- 
ever, t h e  code does n o t  account  f o r  t h i s  because a t r a i l i n g  edge of f i n i t e  t h i c k -  
n e s s  'is advanced l i n e a r l y  u n t i l  it closes o r  exceeds chord l e n g t h ,  whichever occur s  
f i r s t .  An a t t empt  w a s  t h e r e f o r e  made t o  al ter t h e  t r a i l i n g  edge of t h e  FTF model. 
The model w a s  geomet r i ca l ly  s c a l e d  down, and a boa t ta i l  w a s  added t o  e f f e c t i v e l y  
accelerate t h e  flow a t  p o i n t s  nea r  t h e  t r a i l i n g  edge. 

The p r e s s u r e  d i s t r i b u t i o n  f o r  t h e  b o a t t a i l  FTF i n  f i g u r e  10 shows t h a t  dec reas -  
i n g  p r e s s u r e  a t  the t r a i l i n g  edge w a s  e v i d e n t  b u t  was i n s u f f i c i e n t  t o  match t h e  
e x p e r i m e n t a l  data .  A b o a t t a i l  of g r e a t e r  c u r v a t u r e  w a s  a t t empted ,  b u t  t h e  code 

6 

i 

I 

I 
, 

1 
i 
1 
I 

I 

i 
I 
I 

i 

i 

1 

! 
i 
, 
i 
I 
1 
I 

I 
I , 
1 

I 

I 
I 1 



would n o t  o p e r a t e  as  p o i n t s  spaced t o o  c l o s e l y  t o g e t h e r  a t  t h e  t r a i l i n g  edge caused 
computa t iona l  d i f f i c u l t i e s .  Even wi th  fewer p o i n t s  a t  t h e  t r a i l i n g  edge,  a code 
o p e r a t i o n  could n o t  be completed because more c u r v a t u r e  w a s  needed t o  s i m u l a t e  t h e  
f l o w  a t  t h e  t r a i l i n g  edge. 

Wing-Body Pressure D i s t r i b u t i o n s  

The wing-body code was o p e r a t e d  for the combined F-104G f u s e l a g e  and wing  a n d  
t h e  FTF model a t  Mach 0.6, 0.7, 0.8, 0.9, l e 2 ,  and 1 . 4 .  Angles of a t t a c k  of Oo, 
2 O ,  and 4O w e r e  used f o r  t h e  two extreme cases  of t h e  Mach number r a n g e ,  Kach 0.6 
and 1 .4 .  These t w o  cases were o p e r a t e d  a t  d i f f e r e n t  a n g l e s  of a t t a c k  t o  de t e rmine  
t h e  e f f e c t s  of a i r c r a f t  a n g l e  of a t tack on t h e  d a t a .  F i g u r e s  11 ( a )  and 1 1  ( f )  show 
both t h e  t h e o r e t i c a l  wing-body code data  and t h e  e x p e r i m e n t a l  f l i g h t  t es t  d a t a  for 
t h e s e  two c a s e s .  L i t t l e  d i f f e r e n c e  e x i s t e d  f o r  t h e  t h r e e  sets of a n g l e - o f - a t t a c k  
d a t a .  Hence, f o r  Mach 0.7, 0.8, 0.9, and 1.2,  the code w a s  o-Derated a t  2 O  a n g l e  of 
a t t a c k ,  which approximates  t h e  F-104G angle  of a t t a c k  d u r i n g  t h e  test f l i g h t s .  The 
code w a s  o p e r a t e d  f o r  a l l  Mach numbers a t  0' s i d e s l i p  a n g l e ,  and t h e  f l i g h t  t es t  
d a t a  were reco rded  a t  s i d e s l i p  a n g l e s  of f O . S O .  The p r e s s u r e  c o e f f i c i e n t s  g iven  
i n  t h e  o u t p u t  of t h e  wing-body code a c t e d  a t  t h e  c e n t r o i d  of t h e  p a n e l  and r e p r e -  
s e n t e d  t h e  ave rage  p r e s s u r e  ove r  t h e  panel ,  Because t h e  wing-body code i s  t h r e e -  
d imens iona l  and t h e  model i n c l u d e d  t h e  a i r c r a f t ,  t h e  f l i g h t  t e s t  d a t a  were based 
on Mach numbers measured by t h e  a i r c r a f t  i n s t r u m e n t a t i o n  system r a t h e r  t h a n  t h e  
FTF a i r  data systeea. 

F i g u r e s  l l ( a )  and l l ( b )  d e p i c t  d a t a  f o r  Mach 0.6 and 0.7. These d a t a  i n d i c a t e  
a n  a c c e l e r a t i n g  f low from t h e  FTF nose to  the s u r f a c e  d i s c o n t i n u i t y  and a d e c e l e r -  
a t i n g  f low a f t  of t h e  FTF forebody wi th  an accompanying i n c r e a s e  i n  p r e s s u r e  coef- 
f i c i e n t .  The f l i g h t  test d a t a  correlated f a i r l y  w e l l  w i t h  the t h e o r e t i c a l l y  p re -  
d i c t e d  d a t a .  The peak n e g a t i v e  pressure c o e f f i c i e n t  f o r  t h e  f l i g h t  test d a t a  was 
more n e g a t i v e  t h a n  t h e  p r e d i c t e d  value; t h e  p r e d i c t e d  v a l u e s  of p r e s s u r e  c o e f f i c e n t  
were g e n e r a l l y  h i g h e r  t h a n  the f l ight-measured d a t a .  A s  w a s  t h e  case f o r  code H ,  
t h e  t r e n d  of d e c r e a s i n g  pressure c o e f f i c i e n t s  n e a r  t h e  FTF t r a i l i n g  edge i n d i c a t e d  
i n  t h e  f l i g h t  t es t  d a t a  w a s  n o t  i n d i c a t e d  i n  t h e  t h e o r e t i c a l l y  p r e d i c t e d  d a t a .  

F i g u r e s  l l ( c )  and l l ( d )  show d a t a  f o r  Mach 0.8 and 0.9. A t  t h e s e  f l i g h t  speeds, 
t h e  f low w a s  a c c e l e r a t e d  ove r  t h e  FTF forebody t o  s u p e r s o n i c  s p e e d s ,  and a normal 
shock wave formed. These shock waves were e v i d e n t  i n  t h e  f l i g h t  tes t  d a t a  f o r  
Mach 0.8 and 0.9. While t h e  shock waves were n o t  predicted by t h e  wing-body code, 
t h e  point  of minimum p r e s s u r e  c o e f f i c i e n t  did occur a t  t h e  20-percent  chord  p o s i t i o n  
f o r  bo th  se t s  of d a t a .  
p r e d i c t i o n .  Again,  t h e  d a t a  i n d i c a t e d  an  i n a b i l i t y  of t h i s  code t o  p r e d i c t  t h e  
d e c r e a s i n g  v a l u e s  of p r e s s u r e  c o e f f i c i e n t  near t h e  FTF t r a i l i n g  edge f o r  similar 
r e a s o n s  as code H r e s u l t s .  However, f o r  Mach 0.9, t h e  t w o  sets of d a t a  co r re spond  
v e r y  w e l l  over a wide r ange  of chord p o s i t i o n s .  

The wing-body code is n o t  capable of t r a n s o n i c  shock wave 

- The d a t a  f o r  t h e  Mach 1.2 and 1.4 cases are shown i n  f i g u r e s  11(e) and 1 1 ( f ) .  
For bo th  cases, t h e  f low o v e r  t h e  FTF w a s  subsonic  because  13.05O (one-half  of 
t h e  wedge a n g l e )  w a s  large enough to cause the shock t o  d e t a c h  from t h e  FTF nose.  
The p o r t i o n  of t h e  shock forward of the nose was normal,  and t h e  normal shock wave 
c r e a t e d  a s u b s o n i c  f l o w  ove r  t h e  FTF nose and l a r g e ,  p o s i t i v e  p r e s s u r e  c o e f f i c i e n t s ,  
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The f low a c c e l e r a t e d  ove r  t he  forebody d i d  n o t  reach s o n i c  c o n d i t i o n s  and decel- 
erated from t h e  s u r f a c e  d i s c o n t i n u i t y  t o  t h e  t r a i l i n g  edge. The t w o  sets of data 
matched ve ry  w e l l  over the e n t i r e  FTF. However, i n  the Mach 1.2  case, the theoret- 
i c a l  d a t a  reflected ve ry  sharp changes i n  p r e s s u r e  c o e f f i c i e n t  a b o u t  the 50-percent  
chord p o s i t i o n .  The wing-body code may have i n t r o d u c e d  f u s e l a g e  effects  t h a t  d i d  
n o t  occur i n  t h e  experimental  d a t a  a t  this p a r t i c u l a r  Mach number. To check this 
p o s s i b i l i t y ,  the FTF was modeled e x c l u d i n g  the F-104G a i r c r a f t .  

F i g u r e  1 2  shows tha t  t h e  p r e s s u r e  d i s t r i b u t i o n  smooths o u t  and compares w e l l  t o  
t h e  e x p e r i m e n t a l  d a t a ,  s u g g e s t i n g  t h a t  t h e  code w a s  i ndeed  i n t r o d u c i n g  i n a c c u r a t e  
f u s e l a g e  effects. The t r a i l i n g  edge d i v e r g e n c e  noted i n  t h e  s u b s o n i c  data  changed. 
fo r  the  s u p e r s o n i c  d a t a .  The e x p e r i m e n t a l  data i n d i c a t e  an  i n c r e a s i n g  and t h e n  
d e c r e a s i n g  t r e n d  of p r e s s u r e  c o e f f i c i e n t s  nea r  t he  FTF t r a i l i n g  edge. 

Displacement  Thickness  D i s t r i b u t i o n  

C o d e  H prov ides  a semiempirical t u r b u l e n t  boundary-layer  c o r r e c t i o n  i n  t h e  t r a n -  
s o n i c  f l o w  a n a l y s i s .  The boundary-layer d i s p l a c e m e n t  t h i c k n e s s  i s  c a l c u l a t e d  by 
r e l a t i n g  momentum t h i c k n e s s  and shape factor  where momentum t h i c k n e s s  is  de te rmined  . 
u s i n g  Von Kbrmin's e q u a t i o n  and t h e  shape f a c t o r  is  de te rmined  s e m i e m p i r i c a l l y ,  
Because t h e  laminar  p o r t i o n  of t h e  boundary l a y e r  i s  c o n s i d e r a b l y  smaller t h a n  the 
t u r b u l e n t  p o r t i o n ,  it is  n o t  c o n s i d e r e d  i n  t h e  boundary-layer  c o r r e c t i o n  c a l c u l a -  
t i o n s ,  For t h e  boundary-layer c o r r e c t i o n ,  a t r a n s i t i o n  p o i n t  must be s p e c i f i e d .  A 
t r a n s i t i o n  location of 7.5-percent chord w a s  used i n  a l l  cases. This most c l o s e l y  
approximated where t r a n s i t i o n  w a s  t hough t  ta occur .  

I n  f i g u r e  13,  expe r imen ta l  and t h e o r e t i c a l  d i s p l a c e m e n t  t h i c k n e s s  a t  85 -pe rcen t  

chord  are p l o t t e d  with Mach number.' Reynolds numbers of R e  = 2 x 106 and 14 X 106 
were used for t h e  t h e o r e t i c a l  d a t a .  The shapes  of the c u r v e  a g r e e  b u t  are dis- 
p l a c e d .  
Mach 0.8.  This s c a t t e r  w a s  p robab ly  caused  i n  part by separated f low due  to  a 
shock wave t ha t  was r e a t t a c h i n g .  It w a s  concluded from the data i n  f i g u r e  1 3  t h a t  
t h e  semiempirical boundary l a y e r  used i n  code H does n o t  p e r m i t  precise determina-  
t i o n  of the d i sp lacemen t  t h i c k n e s s  for the FTF w i t h  the wedge-shaped nose.  

Also, t h e  expe r imen ta l  d a t a  fo r  R e  - 20 x 106 w e r e  q u i t e  scattered n e a r  

CONCLUSIONS 

An F-104G a i r c r a f t  w i t h  a n  a t t a c h e d  f l i g h t  tes t  f i x t u r e  (FTF) w i t h  a wedge- 
shaped fo rebody  was tested a t  t h e  Dryden F l i g h t  Research F a c i l i t y  of NASA Ames 
Resea rch  Cen te r .  P r e s s u r e  d i s t r i b u t i o n s  and d i s p l a c e m e n t  t h i c k n e s s e s  were d e t e r -  
mined from the f l i g h t  t e s t  d a t a .  Two t h e o r e t i c a l  p r e d i c t i o n  methods were used t o  
predict  similar d a t a  for t h e  FTF a t  the f l i g h t  test speeds. One is a two- 
d i m e n s i o n a l  method and has been d e s i g n a t e d  code H by Bauer and h i s  associates, t h e  
a u t h o r s  of t h i s  method. The o t h e r  is a th ree -d imens iona l  method and h a s  been des- 
i g n a t e d  as the wing-body code by its a u t h o r ,  Frank Woodward. The comparisons of 
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exper imenta l  f l i g h t  t e s t  d a t a  w i t h  the t h e o r e t i c a l  d a t a  p r e d i c t e d  by . the codes may 
-? he summarized as €allows: 

1 .  For subsonic  f l i g h t  speeds and flow over  t he  FTF, code H adequa te ly  pre- 
d i c t s  va lues  of p r e s s u r e  c o e f f i c i e n t s  except  a t ,  the  minimum p r e s s u r e  p o i n t  and a t  
t h e  t r a i l i n g  edge. Code H p r e d i c t s  h ighe r  va lues  a t  the minimum p r e s s u r e  point, 
and t h e  exper imenta l  d a t a  reveal a decreas ing  p r e s s u r e  c o e f f i c i e n t  t h a t  code H 
does not  p r e d i c t .  

2.  For subsonic  f l i g h t  speeds and supersonic  f low a t  some p o i n t  on t h e  FTF, t he  
shock wave t h a t  forms i s  l o c a t e d  a t  t h e  approximately 20-percent  chord p o s i t i o n .  
Code H p r e d i c t s  a s h i f t i n g  p o s i t i o n  of the  shock waves w i t h  i n c r e a s i n g  speed and 
does no t  adequa te ly  predict the dec reas ing  p r e s s u r e  c o e f f i c i e n t  d ive rgence  a t  the 
FTF t r a i l i n g  edge. However, code H adequate ly  p r e d i c t s  the l e v e l  of t h e  p r e s s u r e  
c o e f f i c i e n t s  a t  other p o s i t i o n s  on the FTF. 

3. For subson ic  speeds and f low over  the FTF, the wing-body code adequa te ly  
p r e d i c t s  l e v e l s  of p r e s s u r e  coefficients except  a t  the t r a i l i n g  edge. The decreas- 
i n g  p r e s s u r e  c o e f f i c i e n t  d ivergence  a t  the  t r a i l i n g  edge i s  n o t  p r e d i c t e d  by t h e  
wing-body code. 

4.  The wing-body code is' i n c a p a b l e  of p r e d i c t i n g  shock waves. However, for  
subson ic  f l i g h t  and s u p e r s o n i c  flow a t  some p i n t  on the FTF, the code a d e q u a t e l y  
p r e d i c t s  p r e s s u r e  c o e f f i c i e n t  l e v e l s  except  a t  t h e  t r a i l i n g  edge and t h e  minimum 
p r e s s u r e  po in t .  

5. For supe reon ic  f l i g h t  speeds  and subsonic  f l o w  over t h e  FTF, t h e  wing-body 
code adequa te ly  p r e d i c t s  l e v e l s  of pres su re  c o e f f i c i e n t s .  

6. The semiempirical boundary l a y e r  used i n  code H does  n o t  p r e c i s e l y  p r e d i c t  
t h e  d i sp lacemen t  t h i c k n e s s  of the FTF f o r  t h e  t w o  Reynolds numbers tested ( R e  = 
2 x 106 and 14 x 106). 

National Aeronaut ics  and Space Admfnis t ra t ion  
A m e s  Research Center  
Dryden F l i g h t  Research F a c i l i t y  
Edwards, C a l i f o r n i a ,  November 22, 1985 
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Figure 1 .  
F-104 carrier aircraft .  

F l i g h t  test f i x t u r e  i n s t a l l e d  on l o w e r  f u s e l a g e  of 
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Figure 2 .  Three-view drawing of f l i g h t  test 
fixture. 

Figure 3. Orif ice  locations for f l i g h t  test 
f i x t u r e .  
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