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SUMMARY 

I n c r e a s e s  i n  s u p e r s o n i c  c r u i s e  l i f t - d r a g  r a t i o  were sought  a t  Mach numbers 
2.2 and 2.7 u s i n g  wing-body planform and t h i c k n e s s  b lending .  Cons t ra ined  t w i s t  
and camber o p t i m i z a t i o n  w a s  performed i n  t h e  p r e s e n c e  of n a c e l l e s .  Wing and 
r u s e l a g e  t h i c k n e s s  d i s t r i b u t i o n s  were opt imized f o r  e i t h e r  minimum volume wave 
d r a g  o r  minimum t o t a l  p r e s s u r e  wave d r a g .  The z e r o  l e a d i n g  edge s u c t i o n  l i f t  
d r a g  r a t i o s  w e r e  determined f o r  t h r e e  wing p lanforms.  The magnitude of t h e  
e f f e c t  of l e a d i n g  edge s u c t i o n  on a t t a i n a b l e  l i f t  d r a g  r a t i o  w a s  d e f i n e d  on 
one planform and an  e s t i m a t i o n  of a v a i l a b l e  l e a d i n g  edge s u c t i o n  was made. 

I N T  ROOUCT I ON 

A v a r i e t y  of c o n f i g u r a t i o n  arrangements  have been c o n s i d e r e d  f o r  l a r g e  
s u p e r s o n i c  c r u i s i n g  a i r c r a f t  i n  p a s t  NASA and i n d u s t r y  s t u d i e s .  Many e a r l y  
arrangements  are  d e s c r i b e d  i n  a 1967 NASA summary and index  of exper imenta l  
c h a r a c t e r i s t i c s  ( r e f .  1 ) .  One promising c o n f i g u r a t i o n  h a s  been used a s  a f o c u s  
f o r  r e c e n t  AST-100, 105-1, and 200 s t u d i e s  ( r e f s .  2-4). T h i s  arrangement 
employs a h i g h l y  swept wing of moderate  taper r a t i o ,  unders lung  n a c e l l e s ,  a n  
af t - fuselage-mounted h o r i z o n t a l  t a i l  s u r f a c e  and fuselage-and-wing-mounted 
v e r t i c a l  s u r f a c e s .  The p r e s e n t  s tudy  u s e s  t h i s  arrangement  as  a s t a r t i n g  
p o i n t  and d e f i n e s  improvements due  t o  wing-body b lending .  
d e s i g n a t e d  t h e  AST-102, w a s  s e l e c t e d  as t h e  Mach 2.7 b a s e l i n e  c o n f i g u r a t i o n .  
The o b j e c t i v e  of t h e  p r e s e n t  s t u d y  i s  t o  e v a l u a t e  t h e  e f f e c t  of wing-body 
b lending  ofi t h e  performance of a s u p e r s o n i c  c r u i s i n g  a i r c r a f t .  The approach,  
as shown on f i g u r e  1, emphasizes t h e  aerodynamic d e s i g n  t o o l s  a v a i l a b l e  a t  
Rockwell and which d i f f e r  from t h o s e  a v a i l a b l e  e l sewhere  i n  t h e  i n d u s t r y .  

A r e s i z e d  AST-100, 

*Wcrk performed under  C o n t r a c t  NAS1-15720 
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SYMBOLS 

C chord ,  m 

CD d r a g  c o e f f i c i e n t  

CL l i f t  c o e f f i c i e n t  

D 

L 

4 

d r a g ,  N 

l i f t ,  N 

2 dynamic p r e s s u r e ,  N / m  

S l e a d i n g  edge s u c t i o n  parameter  

Sw o r  SREF 
2 

r e f e r e n c e  wing area, m 

t t h i c k n e s s ,  m 

X S Y 9 Z  C a r t e s i a n  c o o r d i n a t e s ,  m 

B 

rl nond imens i o n a l  spanwise c o o r d i n a t e  

sweepback a n g l e ,  deg 

r o l l  a n g l e ,  deg 

S u b s c r i p t  s : 

c .g .  c e n t e r  of g r a v i t y  

C.P. c e n t e r  of p r e s s u r e  

F f r i c t i o n  

L l i f t i n g  

LE l e a d i n g  edge 

TE t r a i l i n g  edge 

W wave d r a g  
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PLANFORM SELECTION 

The AST-102 l ead ing  edge has  t h r e e  s t r a i g h t  l i n e  segments w i t h  sweepback 
ang le s  of 7 4 ,  7 1  and 60 degrees .  The Rockwell blended RB-1 l ead ing  edge has ,  
except  f o r  an inboard mod i f i ca t ion ,  two s t r a i g h t  l i n e  segments w i t h  sweepback 
ang le s  of 74 and 68.5 degrees ,  f i g u r e  2. 
w a s  made t o  f a c i l i t a t e  blending.  
used t o  achieve  a h igher  supersonic  c r u i s e  l i f t - t o - d r a g  (L/D) r a t i o  and is  
c o n s i s t e n t  w i th  an earlier des ign  i n t e g r a t i o n  s tudy  ( r e f .  5 ) .  An outboard 
l ead ing  edge sweep of 68.5 degrees  w a s  s e l e c t e d  as t h e  h ighes t  f o r  which 
accep tab le  low speed c h a r a c t e r i s t i c s  could be expected a t  landing  ang le s  up t o  
8 t o  10 degrees .  A l ead ing  edge sweep i n c r e a s e  t o  72.3 degrees  would be 
requi red  a t  M = 2.7 t o  s a t i s f y  t h e  r e c e n t l y  developed Carlson suc t ion  c r i t e r i a  

c o t  ALE 2 0.8. The inboard t r a i l i n g  edge w a s  kept  i d e n t i c a l  t o  t h e  AST-102 
because good l o w  speed f l a p  e f f e c t i v e n e s s  r e q u i r e s  low t r a i l i n g  edge sweep. 
The outboard t r a i l i n g  edge sweep was inc reased ,  however, from 41.5 degrees  on 
t h e  AST-102 t o  45.4 degrees  on t h e  FU3-1 t o  a l low s u f f i c i e n t  outboard chord f o r  
l ead ing  and t r a i l i n g  edge devices .  With t h e s e  planform modi f i ca t ions  and a f t e r  
a p p l i c a t i o n  of t h e  aerodynamic des ign  codes,  t h e  blended conf igu ra t ion  
ind ica t ed  on f i g u r e  3 evolved. 

The inboard leading-edge mod i f i ca t ion  
Increased  outboard leading-edge sweep w a s  

TWIST AND CAMBER OPTIMIZATION 

Two l i n e a r  op t imize r s  are a v a i l a b l e  f o r  u s e  w i t h  a swept pane l  a n a l y s i s  
program ( r e f .  6 ) .  A l l  t h r e e  s o l v e r s  can treat  t h e  wing, f u s e l a g e ,  and 
hor izonta l  nd v e r t i c a l  s u r f a c e s  as  tw i s t ed  and cambered s u r f a c e s  wi th in  t h e  
fraI A u ~ ~  of l i n e a r i z e d  f low theory.  The a n a l y s i s  program can r ep resen t  
s e v e r a l  f u s e l a g e  and n a c e l l e  shaped bodies  as s l e n d e r  bodies ,  

12 spanwise and 10 chordwise wing pane l s  and 1 spanwise and 20 chordwise 
f u s e l a g e  pane l s  w e r e  used i n  a l l  t h r e e  programs. I n  t h e  a n a l y s i s  program, 
r ec t angu la r  s h e l l s  were placed around c i r c u l a r  slender-body nacelles, f i g u r e  
4 .  10  chordwise and 4 wrap-around pane l s  were used on t h e  r ec t angu la r  s h e l l s .  
The func t ion  of t h e  s h e l l s  i s  t o  provide  s u r f a c e s  f o r  matching boundary 
cond i t ions  between t h e  s l e n d e r  body n a c e l l e  s o l u t i o n s  and cambered and tw i s t ed  
s u r f a c e  s o l u t i o n s .  

Due t o  d i f f e r i n g  c a p a b i l i t i e s  of t h e  a v a i l a b l e  computer programs, t h e  
t w i s t  and camber des ign  c y c l e  r equ i r ed  s e v e r a l  s t e p s ,  f i g u r e  5. I n  s t e p  A t h e  
wing i s  represented  as a t h i n  cambered and tw i s t ed  s u r f a c e  and t h e  fuse l age  
as  a cambered p l a t e .  
camber of t h e  wing and f u s e l a g e  f o r  a s p e c i f i c  l i f t  and moment c o n s t r a i n t .  

The b a s i c  des ign  program produces t h e  optimum t w i s t  and 
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I n  s t e p  B t h i s  t w i s t  and camber are eva lua ted  i n  t h e  a n a l y s i s  program w i t h  
n a c e l l e s  p re sen t .  I n  s t e p  C t h e  des ign  is  r e f i n e d  w i t h  t h e  n a c e l l e  upwash from 
s t e p  B added a t  t h e  c o n t r o l  p o i n t s  of t hose  wing pane l s  in f luenced  by t h e  
n a c e l l e s .  I n  s t e p  D t h e  a n a l y s i s  program w a s  used t o  e v a l u a t e ' t h e  r ev i sed  
optimum t w i s t  and camber w i t h  n a c e l l e s  on. I n  s t e p  E t h e  a u x i l i a r y  des ign  
program w a s  used t o  e s t a b l i s h  t h e  changes i n  t w i s t  and camber t o  cance l  t h e  
wing p res su re  d i f f e r e n c e s  between s t e p s  C and D.  The blended wing-body-nacelle 
des ign  achieved a l i f t i n g  e f f i c i e n c y  l e v e l  w i th in  2% of t h e  wing a lone  case  and 
i s  equiva len t  t o  an arrow wing of t h e  same sweep and a s p e c t  r a t i o  wi th  a notch  
r a t i o  of 0.4 ( s e e  f i g u r e  14  of r e fe rence  5) .  The f i n a l  t w i s t  and camber 
d i s t r i b u t i o n  w a s  eva lua ted  i n  t h e  a n a l y s i s  program a c r o s s  t h e  Mach number range 
t o  o b t a i n  trimmed drag  due t o  l i f t  f o r  0% and 100% lead ing  edge suc t ion  
(L.E.S.) condi t ion .  The M = 2 . 7  des ign  t w i s t  and camber f o r  t h e  blended plan- 
form a t  CL = 0.1 i s  presented  on f i g u r e s  6 through 9. 

WING-FUSELAGE VOLUME OPTIMIZATION 

An a n a l y s i s  program is  a v a i l a b l e  t o  c a l c u l a t e  supersonic  volume and l i f t -  
volume wave drag.  The s p a t i a l  s i n g u l a r i t i e s  which are s o l u t i o n s  t o  t h e  
l i n e a r i z e d  equa t ions  of motion a re  reduced t o  a series of equ iva len t  l i n e a l  
d i s t r i b u t i o n s  by a p p l i c a t i o n  of t h e  c u t t i n g  (obl ique)  p lane  concept .  The drag 
is  c a l c u l a t e d  us ing  s l e n d e r  body theory  ( r e f s .  7 and 8 ) .  The-Total  wave drag  
inc ludes  volume, ang le  of a t t a c k ,  t w i s t  and camber, and l i f t -vo lume i n t e r -  
f e rence  e f f e c t s .  I n  t h e  a n a l y s i s  mode, t h e  wave drag  i s  eva lua ted  us ing  1 3  
r o l l  ang le s  and 50 l o n g i t u d i n a l  c u t s .  

For wing and f u s e l a g e  th i ckness  op t imiza t ion ,  a des ign  s o l v e r  i s  used t o  
minimize e i t h e r  volume wave drag  o r  t o t a l  wave drag  s u b j e c t  t o  s p e c i f i c  volume 
and l o c a l  t h i ckness  c o n s t r a i n t s .  The phys ica l  geometry i s  per turbed  by a set 
of harmonic func t ions .  
i s  app l i ed  t o  t h e  express ion  f o r  wave drag .  A se t  of l i n e a r  equa t ions  i s  
solved f o r  t h e  p e r t u r b a t i o n  c o e f f i c i e n t s  t h a t  minimize t h e  drag.  I n  t h e  des ign  
mode, t h e  wave drag i s  eva lua ted  us ing  5 r o l l  ang le s  and 50 l o n g i t u d i n a l  c u t s .  

Lagrange's method f o r  extrema1 problems wi th  c o n s t r a i n t s  

I n  an a p p l i c a t i o n  of t h e  volume wave drag op t ion  wi th  a f i x e d  wing-body 
volume of 1139.5 m3, t h e  volume wave drag  (5 r o l l  ang le s )  w a s  reduced from 
D / q  = 1.501 t o  1.370 m2,  f i g u r e  10. I n  t h i s  ca se ,  13 t h i c k n e s s  c o n s t r a i n t s  
were used. The r e s u l t i n g  f u s e l a g e  and wing s e c t i o n s  are  shown on f i g u r e  11 
and t h e  volume wave drag  v e r s u s  Mach number on f i g u r e  12 .  The wing and 
f u s e l a g e  were t r e a t e d  as a s i n g l e  wing-like component. When t h e  components 
were t r e a t e d  s e p a r a t e l y ,  t h e  lowest  (2% va lue  obta ined  by success ive  
op t imiza t ions  of t h e  f u s e l a g e  and wing was 0.002044 compared t o  t h e  0.001765 
va lue  of f i g u r e  10. 
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I n  an a p p l i c a t i o n  of t h e  t o t a l  wave drag  op t ion  w i t h  a f i x e d  wing body 
volume of 1009.9 m3, t h e  t o t a l  p re s su re  wave drag  (5 0)  w a s  reduced a t  CL = 
0.1  from D/q = 2.652 t o  2.521 m2,  f i g u r e  13.  
c o n s t r a i n t s  were used f o r  t h i s  case. 
are shown on f i g u r e  14. With e i t h e r  op t ion ,  t h e  op t imize r  reduced t h e  th i ck -  
n e s s  r a t i o  of wing s e c t i o n s  t o  t h e  minimum allowed (0.025) j u s t  outboard of 
t h e  wing f u s e l a g e  j u n c t u r e  a t  r) = 0.0835. 

Fourteen (14) th i ckness  
The r e s u l t i n g  f u s e l a g e  and wing s e c t i o n s  

LOWER BOUND DRAG 

The 100% lead ing  edge s u c t i o n  a i r p l a n e  drag  is obta ined  from p r e d i c t i o n s  
of wave drag due t o  volume and l i f t ,  and vo r t ex  drag. The 100% suc t ion  drag  
due t o  l i f t  i s  eva lua ted  from t h i s  information as fo l lows  

An a l t e r n a t i v e  e s t ima t ion  procedure i s  t o  e v a l u a t e  t h e  s t r e n g t h  of t h e  l ead ing  
edge s i n g u l a r i t y  from c a l c u l a t e d  chordwise n e t  p r e s s u r e  d i s t r i b u t i o n s .  
independent p r e d i c t i o n s  of drag-due-to- l i f t  are  compared on f i g u r e  15. 
a n a l y s i s  program c a l c u l a t i o n  of t h e  0% LES drag  due t o  l i f t  i s  considered more 
a c c u r a t e  due t o  i n c l u s i o n  of n a c e l l e  e f f e c t s .  The f a r  f i e l d  eva lua t ion  of t h e  
100% suc t ion  drag due t o  l i f t  is  regarded as more a c c u r a t e  based on comparison 
w i t h  exac t  c o n i c a l  s o l u t i o n  f o r  d e l t a  wings. 

These 
The 

LEADING EDGE SUCTION ESTIMATION 

A c o r r e l a t i o n  w a s  made of a v a i l a b l e  low speed supersonic  t r a n s p o r t  d a t a  on 
leading  edge suc t ion .  The framework f o r  t h e  c o r r e l a t i o n  used 0% and 100% LES 
curves  f o r  a cambered and tw i s t ed  p l a t e  c a l c u l a t e d  by a v a r i a n t  of t h e  a n a l y s i s  
program discussed  earlier ( r e f .  6) .  The l ead ing  edge s u c t i o n  parameter S has  
t h e  va lue  0.0 a t  0% LES and 1 . 0  a t  100% LES. With l ead ing  and t r a i l i n g  edge 
f l a p s  undef lec ted  and based on wind tunne l  d a t a  i n  t h e  f r ees t r eam Reynolds 
number (Re,-) range 2.5 x l o 6  t o  13.6 x 106, c o r r e l a t e d  S va lues  of 0.3 t o  0.4 
were ,obta ined .  With l ead ing  edge f l a p s  d e f l e c t e d  and based on d a t a  i n  the 
f r ees t r eam Reynolds number range 2.5 x l o 6  t o  6.0 x 10  6 , c o r r e l a t e d  S va lues  

approaching 0.9 w e r e  ob ta ined .  The low speed S v a l u e  v a r i a t i o n  wi th  CL i s  
ind ica t ed  by t h e  symbols a t  Mach number 0.2 on f i g u r e  16. F u l l  scale f rees t ream 
Reynolds number based on c' is  1.3 x lo8 a t  Mach number 0.2, 
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E x p l o r a t o r y  c a l c u l a t i o n s  w e r e  made a t  h i g h e r  s p e e d s  u s i n g  t h e  Car l son-  
Mack LES c o r r e l a t i o n  ( r e f .  9) and l e a d i n g  edge r a d i i  a t  span s t a t i o n s  q = 0.15 
and 0.70 on t h e  RB-1 wing f o r  l i f t  c o e f f i c i e n t s  of 0 .1  and 0.25. T h i s  
c o r r e l a t i o n  u s e s  c h o r d s  and l e a d i n g  edge r a d i i  on s e c t i o n s  normal t o  t h e  l e a d -  
i n g  edge. C o r r e l a t e d  d a t a  shown ( r e f .  9) are i n  t h e  normal Reynolds number 
(Recn) range  0.4 x l o 6  t o  6.0 x 106, 
u n d e f l e c t e d ,  S v a l u e s  are shown on f i g u r e  1 6  f o r  CL = 0.25 a t  Mach number 0.9 
and 2.7 and f o r  CL = 0.1 a t  Mach number 2.7. These p o i n t  v a l u e s  f a l l  above 
and below t h e  i n t e g r a t e d  c o r r e l a t e d  curves .  F u l l  scale normal Reynolds 
numbers are i n  t h e  range  0.6 t o  2.6 x lo8.  

With l e a d i n g  and t r a i l i n g  edge f l a p s  

I n  e i t h e r  of t h e s e  c o r r e l a t i o n s ,  t h e  e x t r a p o l a t i o n  w i t h  Reynolds numbers 
from t h e  wind t u n n e l  d a t a  b a s e  t o  f u l l  scale i s  from 106 t o  lo8  o r  two o r d e r s  
of magnitude. 

Es t imated  S v a l u e s  based on t h e s e  c o r r e l a t i o n s  are shown as s o l i d  l i n e s  
on f i g u r e  1 6  and were used t o  o b t a i n  t h e  e s t i m a t e d  d r a g  due t o  l i f t  c u r v e s  
shown as dashed c u r v e s  on f i g u r e s  1 7 ,  18, and 1 9  and v e r s u s  Mach number on 
f i g u r e  20. 

DESIGN STATUS 

Nacelles were i n t e g r a t e d  i n t o  t h e  RB-1 c o n f i g u r a t i o n  w i t h  a d r a g  p e n a l t y  
of roughly  77% of t h e  n a c e l l e  s k i n  f r i c t i o n  d r a g ,  f i g u r e  21. 

S e v e r a l  d i f f e r e n t  0% LES comparisons have been made w i t h  t h e  AST-102 base- 
l i n e ,  f i g u r e  22. I n  t h e  f i r s t ,  t h e  geometry w a s  p rovided  by NASA and t h e  
AST-102 w a s  ana lyzed  by Rockwell a n a l y s i s  codes.  R e s u l t s  a re  t h e  f i r s t  l i n e  
of numbers shown on f i g u r e  22. The d r a g  due t o  l i f t  v a l u e  CDL i s  s u s p e c t  
s i n c e  t h e  a n a l y s i s  program does  n o t  reproduce  d e s i g n  r e s u l t s  when geometry i s  
t r a n s f e r r e d  as  o r d i n a t e s  r a t h e r  t h a n  s l o p e s .  The t w i s t  c o n s t r a i n e d  b a s i c  
d e s i g n  program w a s  r u n  on t h e  AST-102 planform t o  o b t a i n  CDL = 0.004202, 
s t e p  A on f i g u r e  5. The d i f f e r e n c e  between s t e p s  A and F w a s  added t o  g i v e  an  
approximate n a c e l l e  i n t e g r a t i o n  p e n a l t y .  R e s u l t s  are t h e  second l i n e  of 
numbers on f i g u r e  22. An NASAILangley AST-102 a n a l y s i s  w a s  o b t a i n e d  a t  
M = 2.62 and w a s  a d j u s t e d  t o  M = 2.7. R e s u l t s  are  t h e  t h i r d  l i n e  of numbers 
on f i g u r e  22. The f a i r e s t  comparison t o  show t h e  e f f e c t  of b lending  is  
cons idered  t o  b e  between 0% LES LID v a l u e s  of 9.614 and 9.234 o r  a b e n e f i t  of 
0.380 over  t h e  AST-102 b a s e l i n e .  

The 07% and 100% LES d e s i g n  s t a t u s  i s  summarized on f i g u r e  23. The 0% LES 
wing body w a s  op t imized  f o r  minimum volume wave drag .  
w a s  opt imized f o r  minimum l i f t - v o l u m e  wave drag .  Based on a n  e s t i m a t e d  LES 

The 100% LES wing body 
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a t t a i n a b l e  of 66%, a n  L/D of 10.20 i s  i n d i c a t e d  a t  t h e  d e s i g n  p o i n t ,  
cor responding  complete  trimmed d r a g  p o l a r  i s  p r e s e n t e d  on f i g u r e  24. 

The 

P a r t  of t h e  s t u d y  w a s  a t a s k  t o  d e s i g n  a Mach number 2.2 c o n f i g u r a t i o n .  
Rela ted  t o  t h i s  t a s k  0% LES a n a l y s e s  were c a r r i e d  through a t  Mach number 2.2 
on t h r e e  planforms,  f i g u r e  25. 0% LES comparisons are summarized on f i g u r e  26. 
Geometry and d a t a  t o  o b t a i n  CDL f o r  t h e  D-77 b a s e l i n e  w e r e  t a k e n  from a wind 
t u n n e l  d a t a  r e p o r t  ( r e f .  l o ) .  Rockwell a n a l y s i s  codes gave t h e  r e s u l t s  shown 
on t h e  f i r s t  l i n e  of numbers on f i g u r e  26. The t w i s t  c o n s t r a i n e d  b a s i c  d e s i g n  
program was run on t h e  D-77 planform t o  o b t a i n  CDL = 0.003943 a t  M = 2.2, 
s t e p  A on f i g u r e  5. The d i f f e r e n c e  between s t e p  A and F f o r  a M = 2.2 a n a l y s i s  
on t h e  RB-1 was added t o  g i v e  a n  approximate n a c e l l e  i n t e g r a t i o n  p e n a l t y  on 
t h e  D-77. The wing body volume w a s  r e d i s t r i b u t e d  s u b j e c t  t o  t h i c k n e s s  
c o n s t r a i n t s  t o  minimize volume wave drag .  R e s u l t s  are  t h e  second l i n e  of 
numbers on f i g u r e  26. The t w i s t  c o n s t r a i n e d  b a s i c  d e s i g n  program w a s ,  a g a i n ,  
r e r u n  on t h e  AST-102 planform t o  o b t a i n  CDL = 0 . 0 0 3 2 7 6  a t  PI = 2 .2 .  Again the 
d i f f e r e n c e  between s t e p s  A and F f o r  a n  M = 2.2 RB-1 w a s  added t o  g i v e  a n  
approximate n a c e l l e  i n t e g r a t i o n  increment .  The e f f e c t s  of b lending  a t  M = 2.2 
were a n  0 , 3 2 6  i n c r e a s e  i n  0% LES L/D over  t h e  AST-102 b a s e l i n e  and a 1.186 
i n c r e a s e  over  t h e  D-77 b a s e l i n e .  

CONCLUSIONS 

1 )  Although planform compromises t o  i n s u r e  good low speed c h a r a c t e r i s t i c s  
tend  t o  make achievement of h i g h  s u p e r s o n i c  e f f i c i e n c y  d i f f i c u l t ,  c r u i s e  L/D 
r a t i o s  of approximate ly  10.0 appear  p o s s i b l e  a t  a Mach number of 2.7 f o r  a 
blended c o n f i g u r a t i o n .  
camber, wing f u s e l a g e  t h i c k n e s s  d i s t r i b u t i o n s ,  n a c e l l e  i n t e g r a t i o n s ,  and wing 
l e a d i n g  edge s u c t i o n  a t t a i n m e n t .  

C a r e f u l  a t t e n t i o n  must b e  g i v e n  t o  wing t w i s t  and 

2)  Improved d e t e r m i n a t i o n  of l e a d i n g  edge s u c t i o n  a t t a i n a b l e  a t  Reynolds 
numbers two o r d e r s  of magnitude h i g h e r  t h a n  covered i n  a v a i l a b l e  p u b l i s h e d  
d a t a  would reduce  t h e  u n c e r t a i n t y  of s u p e r s o n i c  LID estimates. 
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0 OBJECTIVE 

30 

m 
DI 

- I M P R O V E  SUPERSON I C  C R U l  SE PERFORMANCE 

A LE ATE 

.------- AST-102 74, 71, 60" 0, 15, 41.5 

RE-1 74.0, 68.5" 0, 15, 45.4 
- 

ATE 

0 A P P R O A C H  

- L INEAR A E R O D Y N A M I C  O P T I M I Z A T I O N S  A T  M = 2.7 AND C L  0.10 

DRAG DUE TO LIFT AND CAMBER 

ROCKWELL DESIGN CODE BASED ON WOODWARD 
F I N I T E  ELEMENT 

VOLUME WAVE DRAG AND TOTAL PRESSURE DRAG 

ROCKWELL M O D A L  DESIGN CODES 

Figure  1.- Blended wing body s tudy.  

F igure  2.- Planform comparison. 
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\- I 

F i g u r e  3.- Blended c o n f i g u r a t i o n  - RB-1. 

-el 
NACELLE SHELLS 

W I N G  PANELS 

F i g u r e  4.- T w i s t  and camber t h e o r e t i c a l  models. 
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AC * 
DL 

A BASIC DESIGN PROGRAM (NACELLES OFF) 

TW IST CONSTRAINED NEAR PLANFORM DISCONTINUITY 0.004066 

0.004276 B ANALYSIS PROGRAM (NACELLES ON) 

C AUXIL IARY DESIGN PROGRAM (NACELLES OFF) 

NACELE UPWASH FROM 6 0.004080 

D ANALYSIS PROGRAM (NACELLES ON) 0.004300 

E INCREMENT IN TWIST AND CAMBER TO CANCEL PRESSURE 
DIFFERENCE BEMlEEN C AND D 

F ANALYSIS PROGRAM (NACELLES ON) 0.004146 

*ZERO SUCTION, SREF = 784.8 m 2 

F i g u r e  5.- T w i s t  and camber des ign  c y c l e  s t e p s  - M  = 2.7, CL = 0.1. 

TWIST 
DEGREES 

0 

F i g u r e  6 . -  Design t w i s t  - M = 2.7, CL = 0.1. 
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x IC 

Figure 7 . -  Design camber - M = 2.7 ,  CL = 0.1. 
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x IC 

F i g u r e  9.- Design camber -11 = 2.7, CL = 0.1. 

CONSTRAINTS 

11 
0.0000 
0.0405 
0.0788 
0.0835 
0.1538 
0.2308 
0.3077 
0.4615 
0.5385 
0.6154 
0.6923 
0.8462 
1 .oooo 

x/c 
0.2.0.8 

0.4 
0.4.0.8 
0.4 
0 A 
0.4 
0.4 
0.4 

0.4 
0.4 
0.4 

DIQ M2 

1.501 

OPT DIQ M2 ACDw 

1.370 15 (9) 0.001 745 

1.385 (13 Ell 0.001765 

F i g u r e  10.- Wave d r a g  o p t i m i z a t i o n  - M  = 2.7, VOLWB = 1139.5 m 3 . 
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:: I) = 0.0 TIC = .OS8 

0.0024 

0.0020 

0.0016 

0.0012 

0.m 

o.ooo4 

0, 

q =. 1538 T/C = .026 

- 

- 
A 

- 

- 

sW 
2 - m 

A 650.3 
o 784.8 

- 929.0 

I I 1 1 1 I 1 I 

P =  .0405 TIC = .071 ? =  .4615 TIC = .026 

c - 
I)= .0788 TIC = .ON 

II = 8462 TIC = .025 

- 
I)= .0835 TIC = .025 

F i g u r e  11.- S e c t i o n s  f o r  minimum wave drag .  

AC 
DW 

5 

F i g u r e  12.- Blended wing body wave drag.  
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CONSTRAINTS 
rl XIC 

0.0000 0.4 
0.0405 
0.0788 0.4 
0.0835 0.4.0.8 
0.1538 0.4 
0.2308 0.4 
0.3077 0.4 
0.4615 0.4 
0.5385 0.4 
0.6154 0.4 
0.6923 0.4 
0.8462 0.4 
I .oooo 0.4.0.8 

DIQ Mz OPT DI(1 Mz AcDw 

2.652 2.521 (5 0 )  0.00321 2 

2.409 (13 @ I  0.003070 

F i g u r e  13.- Wave d r a g  o p t i m i z a t i o n  - P I  = 2 .7 ,  CL = 0.1,  
VOLWB = 1009.9 m 3 . 

33 11 = 0 0 TIC = .065 

n = . I 5 3 8  TIC = .026 

: 
q =  . M 0 5  TIC = .044 

c 

1- .4615 TIC = .026 

1 = 0788 TIC = .065 - 

q = .8464 TIC = .026 

! 
q = .0835 TIC = .025 

F i g u r e  14.- S e c t i o n s  for minimum wave d r a g  - CL = 0.1, 
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C 
OL 

F i g u r e  15.- Trimmed d r a g  due t o  l i f t  - M = 2.7. 

5 0.6 I CAR1 SON MACK CORRELATION - . . . . - - - . . . . .. . - . - 

ROCKWELL a -0.15 c =0 .1  
CORRELATION 0 = 0.70 L 

0.15 cL I 0.25 * - = 0.70 cL 
A 0.2 0 

0.2 0 0.3 
0 0.4 
v 0.5 

01 I I I I I I I 
0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 

M 

F i g u r e  16.- Leading edge s u c t i o n  parameter .  
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C 
DL 

F i g u r e  17.- Trimmed d r a g  due t o  l i f t  - M = 0.2. 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 
C 
Dl 

F i g u r e  18.- Trimmed d r a g  due t o  l i f t  - M = 0.9. 
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0.021 

0.01c 

cL 

0.08 

C 

0.7 

0.6 

0.5 

AcD 0 . 4 ,  
(ACL) 2 

0.3 

0.2.  

0.1 

O-- 

C 
DL 

- 

I I 1 1 I I 

F i g u r e  19.- Trimmed d r a g  due t o  l i f t  - M = 2.7. 

MACH NO. 

2 
F i g u r e  20.- Trimmed ACD/(AC,) vs. Mach number. 
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AC 
DF 

DW 
AC 

AST 102 

RB-1 
BLENDED 
WING BODY 

AC 
DL 

.004440(l) .002108(’) .004968(1) ,000 8.684 

.004440(l) .002108(1) .004282(2) .OOO 9.234 

.0O4358t3) .002038(3) .004138(3) .000261(3) 9.263 

,004490 ,001 765 .004146 ,000 9.614 

t 0.000460 

-0.000186 

f 0.000080 

AC 0.000354 
D~~~ 

F i g u r e  21.- Nacelle drag  increments  - CL = 0.1. 

t I I I I 

(1) ROCKWELL ANALYSIS 

  ROCKWE WELL TWIST AND CAMBER DESIGN 

WLTV ANALYSIS ADJUSTED TO M = 2.7 

F i g u r e  22.- Zero s u c t i o n  blended wing body d e s i g n  s t a t u s  - M = 2.7, 
CL = 0.1, VOLm = 1139.5 m3. 
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LEADING EDGE 

% 
cDF “WAVE cD SUCTION 

,004490 .003070(1) .OO 1934 100 
.003101(2) 

66 

cDF cD VOLUME cDL 
WAVE 

,004490 .001773(” ,004 146 0 

.001760(*) 

10.533 

10.20 

9.607 

(l) LIFTING WAVE ORAG OPTIMIZATION 

(2) VOLUME WAVE ORAG OPTIMIZATION 

F i g u r e  23.- Blended wing body d e s i g n  s t a t u s  - M  = 2 . 7 ,  CL = 0.1, 
VOLWB = 1009.1 m3.  

c D  

F i g u r e  24.- Trimmed d r a g  p o l a r s  -11 = 2 .7 .  
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30 

v, 
e w 

g 20 
>- 

IO 

0 

A LE ATE 

0-77 71,57 17 

AST - 102 74, 71, 60 0, 15,41.5 

RB - 1 74.0,68.5 0, 15,45.4 

---- 
------ 

I 

10 20 30 40 50 

AX METERS 

Figure  25.-  Planform comparison - M = 2.2.  

D-77 
BASELINE 

AST-102 
BASELINE 

FIB-1 
BLENDED 
WING BODY 

VOLWB SFIEF cDF C DW ‘DL L/D 
M3 M2 

873.3 0.004710 0.003032 0.004600’ 8.102 1103.3 

0.004710 0.002627” 0.004 108’ 8.737 

1139.5 784.8 0.004810 0.0021 90 0.00341 0” 9.597 

1139.5 784.8 0.004970 0.001780 0.003328 9.923 

WIND TUNNEL MEASUREMENT 

** 0.77 PLANFORM RDCKWELL DESIGN CODES 

Figure  26.- Zero s u c t i o n  blended wing body s t a t u s  - M = 2.2, 
CL = 0.1. 
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