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SUMMARY 

Past s tud ies  o f  r e e n t r y  veh ic les  t e s t e d  to h i g h  angles o f  a t t a c k  (up t o  90°) 
i n  t he  Mach number range from 2 to  4.8 have been examined w i t h  a view toward 
t h e  p o t e n t i a l  use fu lness ’o f  such concepts i n  a f l  i g h t  regime t h a t  would 
i n c l u d e  r e e n t r y  from space i n t o  the atmosphere fo l l owed  by a t r a n s i t i o n  to 
susta ined atmospheric f l  i g h t .  Two bas ic  planforms were considered--h igh ly-  
swept d e l t a s  and c i r c u l a r .  The d e l t a  concepts i nc luded  v a r i a t i o n s  i n  cross 
sec t ion  (and thus volume) and i n  camber d i s t r i b u t i o n .  The e f fec t i veness  o f  
var ious  types o f  aerodynamic con t ro l  devices was a1 so inc luded.  

Both the  h igh ly-swept  d e l t a  and the c i r c u l a r  planforms were found t o  be 
poss ib le  candidates f o r  t r a n s i t i o n a l  f l i g h t  s ince  s t a b i l i t y  and c o n t r o l  cou ld  
be mainta ined over the  angle-of -at tack range. 

INTRODUCTION 

E a r l y  s tud ies  of spacecra f t  inc luded concepts t h a t  would reen te r  t h e  
atmosphere a t  very  h i g h  angles o f  a t t a c k  i n  o rde r  t o  produce drag f o r  deceler -  
a t i on .  Fo l low ing  t h e  decelerat ion,  such veh ic les  would then perform a t r a n s i -  
t i o n  to lower  angles o f  a t t a c k  t o  p rov ide  f o r  susta ined atmospheric f l i g h t  
w i t h  extended range and maneuver c a p a b i l i t y .  Th is  k i n d  o f  t r a n s i t i o n a l  f l  i g h t  
would be requ i red  f o r  t he  development o f  transatmoshperic veh ic les  which was 
one o f  t h e  th ree  goals  o u t l i n e d  i n  A p r i l  o f  t h i s  year  by t h e  Aeronaut ica l  
P o l i c y  Review Committee o f  t h e  White House O f f i c e  o f  Science and Technology 
Pol i c y .  

The purpose o f  t he  present  paper i s  to rev iew the  aerodynamic behavior o f  some 
p rev ious l y  conceived r e e n t r y  concepts f o r  angles o f  a t t a c k  up t o  90’. 
rev iew w i l l  p rov ide  use fu l  i n s i g h t s  i n t o  the  s t a b i l i t y  and c o n t r o l  charac- 
t e r i s t i c s ,  l i f t  and drag c h a r a c t e r i s t i c s ,  and some e f f e c t s  o f  planform and 
volume v a r i a t i o n s ,  which, i n  turn, w i l l  i n d i c a t e  some o f  the  t rades  t o  be 
considered i n  developing a veh ic le  f o r  transatmospheric opera t ion .  

Such a 
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M Mach number 

C chord length 

1 body length 

t thickness 

c .g. center of  grav i ty  

a a n g l e  of attack, deg. 

6 control deflection, deg. 

h sweep angle, deg. 

Coefficients for the configurations presented herein are nondimensional ized i n  
various ways. Detailed information f o r  the configurat ions may be found i n  the 
referenced papers. The numerical value of the coefficients, however, does n o t  
affect the interpretation of the results. 

DISCUSS ION 

CROSS -SECTION CONCEPTS 

One of the early studies of high-angl e-of-attack high-drag reentry vehicles 
(ref.  1) contains M=2 results for two series o f  blunted d e l t a  planform 
concepts w i t h  several cross-sectional shapes f o r  angles of  a t t a c k  from 0" t o  
90". Some of  these concepts, shown i n  figures 1 and 2 ,  consisted o f  blunted 
delta planforms of 75" and 80' leading-edge sweep angles. The cross-sections 
were circular, cruciform el l ipt ical ,  horizontal e l l ip t ica l ,  and  a flat-plate 
wing w i t h  a top-mounted body. The models had equal planform areas and, thus, 
substantial variations i n  vol ume. Control s consisting o f  retractable canards 
and aft-spli t  f laps  were investigated on the 80" cruciform e l l i p t i c a l  model 
( f i g .  2). 

The effect of cross-section on the p i t c h i n g  moment variation w i t h  angle o f  
attack for the 75" sweep configurations i s  shown i n  figure 3. 
c.g. location of 0.61 body length, the p i t c h i n g  moments vary from a h igh ly  
stable trend for the  circular cross section t o  a progressively less stable 
trend as the configuration i s  flattened. This trend probably results from a 
combination of increased retention of forebody l i f t  on the lower surface and 
increased flow separation over the upper afterbody as the l i f t i n g  surface i s  
flattened. Of the four  configurations, configuration I1 (cruciform e l l  ipse) 
appears t o  be the most linear over the angle-of-attack range a l though each 
display a reflex between angles of  a t tack  of  about  40" t o  60". The f l a t  wing- 
body concept resulted i n  an undesirable negative p i t c h i n g  moment a t  zero angle 
of attack because o f  the forebody shape and the interference flow induced by - 
the forebody on the wing upper surface apex l i f t .  

For a constant 



P e r t i n e n t  l i f t  and drag c h a r a c t e r i s t i c s  fo r  the  var ious  75" concepts a re  shown 
i n  bar-graph form i n  f i g u r e  4. The c h a r a c t e r i s t i c s  shown are the  drag a t  zero 
angle of  a t tack ,  drag a t  90' angle of  a t tack,  maximum l i f t ,  and maximum l i f t -  
drag r a t i o .  The f l a t  wing-body conf igura t ion  (IV) i n d i c a t e s  the  lowest  drag 
a t  zero angle o f  a t tack,  t he  h ighest  drag a t  90" angle o f  a t tack ,  and the 
h ighes t  values o f  maximum l i f t  and maximum l i f t - d r a g  r a t i o - a l l  of which are  
des i rab le  t r a i t s .  However, t h i s  con f igu ra t i on  a lso  has a negat ive value o f  
p i t c h i n g  moment a t  zero angle o f  a t tack  and a h i g h l y  non l inear  v a r i a t i o n  o f  
p i t c h i n g  moment with angle o f  at tack--both o f  which a re  undesi rab le.  Hence, 
t r i m  c o n t r o l  cou ld  become a c r i t i c a l  f a c t o r  f o r  the  f l a t - w i n g  body. 

The con ica l  body (I) had the  h ighest  drag a t  zero angle o f  a t tack ,  the  lowest  
drag a t  90" angle o f  a t tack ,  and t h e  lowest  values o f  maximum l i f t  and maximum 
l i f t - d r a g  r a t i o .  The e l l i p t i c a l  body and the c ruc i fo rm e l l i p t i c a l  body 
d i s p l a y  progress ive v a r i a t i o n s  between the  extremes o f  I V  and I. 
t rades can be made between such th ings  as volume requirements, p i  tching-moment 
l i n e a r i t y  ( t r i m ) ,  and l i f t  and drag c h a r a c t e r i s t i c s .  

Hence, 

The e f f e c t s  o f  leading-edge sweep on the  p i  tching-moment c h a r a c t e r i s t i c s  f o r  
con f igu ra t i ons  I 1  and I V  are shown i n  f i g u r e  5. 
l o c a t i o n  has been adjusted t o  prov ide equal (-0.08) a t  a = 900. 

increment a t  zero angle o f  a t tack  f o r  c o n f i g u r a t i o n  IV s ince  there  i s  l e s s  
exposed wing surface t o  be a f fec ted  by the  body f l ow  f i e l d .  I n  add i t i on ,  t he  
p i t c h i n g  moment l i n e a r i t y  i s  improved f o r  bo th  c o n f i g u r a t i o n s  I1 and IV s ince  
the re  i s  l e s s  exposed wing surface a f t .  

The l i f t  and drag c h a r a c t e r i s t i c s  f o r  the  80" sweep vers ions  o f  c o n f i g u r a t i o n s  
I 1  and I V  are compared i n  f i g u r e  6. As would be expected, the  f l a t  wing-body 
c o n f i g u r a t i o n  (IV) prov ides higher values o f  l i f t  and l i f t - d r a g  r a t i o  over the  
e n t i r e  angle-of -at tack range even though the  drag i s  h igher  above an angle o f  
a t tack  o f  about 70". Thus, wh i le  c o n f i g u r a t i o n  IV d isp lays  some aerodynamic 
advantages f o r  reen t ry  f l  i g h t  a t  h igh  angles and f o r  susta ined atmospheric 
f l i g h t  a t  lower angles, i t  does so a t  the  expense o f  decreased volume and w i t h  
poss ib le  l o n g i t u d i n a l  t r i m  pena l t i es  due to the  negat ive  p i t c h i n g  moment a t  
zero angle o f  a t tack.  

For these data, t he  c.g. 

Inc reas ing  the  sweep from 75" t o  80" reduces ?! he negat ive  pitching-moment 

Some e f f e c t s  o f  l o n g i t u d i n a l  con t ro l  devices are shown i n  f i g u r e  7 f o r  the 80" 
sweep vers ion  o f  t he  c ruc i fo rm e l l i p s e  c o n f i g u r a t i o n  11. The c o n t r o l  devices 
a r e  shown i n  f i g u r e  2. 
e f f e c t i v e  i n  p rov id ing  l o n g i t u d i n a l  t r i m  over e s s e n t i a l l y  t he  e n t i r e  angl e-of- 
a t tack  range. The canard, o f  course, prov ides no c o n t r o l  a t  zero angle o f  
a t tack  b u t  a s p l i t - f l a p  arrangement a t  t he  r e a r  o f  t he  upper v e r t i c a l  e l l i p s e  
was e f f e c t i v e  i n  p rov id ing  t r i m  up t o  about 25." angle o f  a t tack .  Thus, 
through the  combined use o f  an a f t - s p l i t  f l a p  and a p i v o t i n g  canard, i t  
appears t h a t  l o n g i t u d i n a l  con t ro l  cou ld  be provided over the e n t i r e  
angl e-of -a t tack range. 

The extension o f  a p i v o t i n g  canard sur face  i s  q u i t e  

3 



Modified Del ta-Wing Concept 

Another f l a t  del ta-wi ng-body concept, extracted from reference 2, i s  shown i n  
figure 8. 
panels, a trail ing-edge flap control , and a leading-edge f l a p  control 

The longi tudinal  characteristics a t  M=2, i n c l u d i n g  the effect of t i p  
deflection, i s  presented i n  figure 9. 
fo r  the previously discussed flat-wing-body concept ( f igs .  3 and 5 )  i n  t h a t  
the negative increment of p i t c h i n g  moment a t  zero angle of a t t a c k  and the 
nonlinearity characteristics are  apparent. Varying the t i p  deflection from 0" 
t o  90" results i n  significant reductions i n  l o n g i t u d i n a l  stability as would be 
expected a1 though the regions o f  nonlinearity remain essentially the same. 
The l i f t  and drag characteristics for the extreme t i p  deflections of 0" t o  90" 
show effects t h a t  m i g h t  be anticipated a1 t h o u g h  the differences are relatively 
small ( f i g .  10).  

The concept has a basic 73" delta wing ,  foldable cranked-wing-tip 

The basic trends are similar to those 

Some l o n g i t u d i n a l  control characteristics w i t h  the tips deflected 90" are 
shown i n  figure 11. 
long i tud ina l  s t a b i l i t y  over the entire angle-of-attack range to 90" and a 60" 
deflection o f  the f l a p  provides trim control t o  an angle o f  attack o f  a b o u t  
30'. The extension o f  a leading-edge control (canard) begins t o  provide a 
positive control increment above an angle o f  a t t a c k  o f  about  15". 
through a combination of a trailing-edge f l a p  and 'a leading-edge control , i t  
appears t h a t  l ong i tud ina l  trim and control could be provided over the entire 
angle -of attack range. 

The a d d i t i o n  o f  a trailing-edge f l a p  provides increased 

T h u s ,  

75" Triangul ar P1 anform Concepts 

Another series of  triangular planform concepts w i t h  var ia t ions  i n  cross 
section have been extracted from reference 3 and are shown i n  figure 12. 
These concepts have a basic sharp 75" triangular planform and include a cone, 
an ellipse, a modified ellipse w i t h  the upper surface contoured to represent a 
distinct body, and a flat-plate wing w i t h  a slender upper-surface body. These 
concepts were tested a t  angles of  attack up to 90' a t  M=2.94, 3.87, and 4.78 
( ref .  3 ) .  

Some l o n g i t u d i n a l  characteristics fo r  the four concepts are  shown i n  figure 13 
for  M=2.9. These characteristics are somewhat similar to  those for the cross- 
section concepts previously discussed, t h a t  is: 

- The maximum l i f t  and lift-drag ratio were achieved w i t h  the flat-wing 
body 

- The lowest l i f t  and lift-drag ratio occurred w i t h  the conical body 

- The drag a t  zero angle of  a t t a c k  was least w i t h  the f l a t -wing  body and 
the greatest w i t h  the conical body 



- The drag a t  90" angle  of a t tack was greatest w i t h  the f la t -wing body 
and leas t  w i t h  the conical body 

A l l  the conf igu ra t ions  were long i tud ina l ly  s t a b l e  w i t h  the c.g. a t  0.60 body 
length  b u t  a nonlinear va r i a t ion  was ev ident  near an angle  of  a t tack of  50'. 
The modified ellipse i n d i c a t e s  a unique characteristic i n  t h a t ,  a t  zero angle  
o f  a t t a c k ,  l i f t  is  produced and a l i f t - d r a g  r a t i o  of  four  was obta ined .  

The longi tudina l  control characterist ics for the f l  at-pl ate-wing body w i t h  
p l a i n  t r a i l i ng -edge  f l a p s  are shown i n  f i g u r e  14 f o r  M=2.9. Use of  the 
t r a i l i ng -edge  f l a p  a lone  i s  i n s u f f i c i e n t  t o  provide the trim or control 
requi red  over the angle-of-attack range w i t h  the c.g. a t  0.60 body length .  A s  
i nd ica t ed  on the f i g u r e ,  a s h i f t  of  the c.g. t o  0.54 body length  would permit 
trim t o  90" angle  o f  a t tack.  O f  course, the addi t iona l  use of  forward 
controls would also r e l i e v e  the trim l i m i t a t i o n s  as i l l u s t r a t e d  w i t h  two o f  
the previously discussed concepts ( f i g s .  7 and 11). 

Cambered Body Concepts 

A series o f  cambered bodies having a bas i c  blunted 75" t r i a n g u l a r  planform are 
shown i n  f i g u r e  15. These bodies,  h a v i n g  var ia t ions i n  thickness r a t i o  and i n  
maximum thickness locat ion,  have been t e s t e d  a t  angles  o f  a t tack  up  t o  53" f o r  
Mach numbers from 2.3 t o  4.6 (unpubl ished) .  

The longi tudina l  characteristics a t  M=4.6 are presented i n  f i g u r e  16 f o r  
bodies w i t h  a f l a t  t o p  and v a r i a t i o n s  i n  the lower su r face  camber. 
w i t h  a thickness r a t i o  of 0.1 a t  0 . 3 ~  r e s u l t e d  i n  the lowest drag a t  the lower 
angles  of  a t tack  and the h ighes t  l i f t - c u r v e  slope and, accordingly,  has the 
h i g h e s t  maximum l i f t - d r a g  r a t i o  ( abou t  2). 
l o c a t i o n  of  0.53 body l eng th ,  this conf igura t ion  also had the lowest  s e l f -  
trimming potential (16'). Increasing the thickness r a t i o  t o  0.2 a t  either 
0 . 3 ~  o r  0 . 5 ~  r e s u l t e d  i n  increased drag over the lower angle-of-at tack range 
and a reduct ion i n  l i f t - c u r v e  slope so t h a t  the maximum l i f t - d r a g  r a t io  was 
reduced t o  about  one. However, the po ten t i a l  f o r  s e l f  trimming f o r  these two 
conf igu ra t ions  increased t o  36" and 48". 
increased thickness and changes i n  thickness locat ion r e s u l t  i n  bodies  w i t h  
greater volume and p o t e n t i a l l y  bet ter  trim characteristics b u t  a t  the expense 
of  lower l i f t  c a p a b i l i t y  and lower maximum . l i f t - d r a g  ratios. 

The body 

However, f o r  the tes t  c.g. 

T h u s ,  f o r  this i l l u s t r a t i o n ,  the  

Further modi f ica t ions  t o  the body camber were examined i n  an e f f o r t  t o  extend 
the sel  f-trimming p o t e n t i a l .  One conf igura t ion  incorporated an upper s u r f a c e  
camber of  0.1 thickness r a t i o  a t  0 . 3 ~  and a lower s u r f a c e  camber of 0.2 
thickness r a t i o  a t  0 . 7 ~ .  T h i s  conf igura t ion  i s  compared i n  f i g u r e  17 w i t h  the 
f l a t - t o p  body h a v i n g  a lower-surface,  camber-thickness r a t i o  of  0.1 a t  0 . 5 ~ .  
T h i s  modif icat ion resulted i n  a subs t an t i a l  improvement i n  pitching-moment 
l i n e a r i t y  w i t h  a potential  s e l f - t r im  p o i n t  i n  excess of  53'. In a d d i t i o n ,  
there i s  a f u r t h e r  increase i n  a volume w i t h  e s s e n t i a l l y  no change i n  l i f t  
characteristics and a small reduction i n  l i f t - d r a g  r a t i o .  I t  should be 
remembered t h a t  these results are f o r  a body alone w i t h  no addi t iona l  l i f t i n g  



o r  c o n t r o l  surfaces. 
sur faces would p rov ide  f u r t h e r  improvement. 

It would be expected t h a t  t h e  j u d i c i o u s  use o f  o t h e r  

The l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s  f o r  t he  cambered-body concepts a r e  
presented i n  f i g u r e  18. The f l a t - t o p  con f igu ra t i ons  w i t h  lower-surface camber 
v a r i a t i o n s  are shown on the  l e f t .  The c o n f i g u r a t i o n  w i t h  t h e  b e t t e r  l i f t - d r a g  
(t/c=O.l, 0 . 3 ~ )  and t h e  con f igu ra t i on  w i t h  t h e  b e t t e r  t r i m  p o t e n t i a l  (t/c=0.2, 

- 0 . 5 ~ )  d i sp lay  lower  l e v e l s  of d i r e c t i o n a l  i n s t a b i l i t y ,  p a r t i c u l a r l y  a t  t h e  
h igher  angles o f  a t tack .  
effect. Fur ther  m o d i f i c a t i o n s  t o  bo th  the  upper-surface and lower-sur face 
camber a re  compared on t h e  r i g h t  w i t h  t h e  c o n f i g u r a t i o n  hav ing a f l a t  top  and 
the  t/c=0.2, 0 . 5 ~  lower-sur face camber. 
ab l y  good d i r e c t i o n a l  c h a r a c t e r i s t i c s .  
surface d i d  r e s u l t  i n  a negat ive  d ihedra l  e f f e c t ,  however, presumably because 
o f  t he  added s ide area above t h e  r o l l  ax is .  Again, t h e  a d d i t i o n  o f  o t h e r  
surfaces would a f f e c t  t he  l a t e r a l - d i r e c t i o n a l  c h a r a c t e r i s t i c s .  

I n  add i t i on ,  bo th  e x h i b i t  a p o s i t i v e  d ihedra l  

Both c o n f i g u r a t i o n s  e x h i b i t  reason- 
The a d d i t i o n  o f  camber to the  upper 

L e n t i c u l a r  Body Concept 

A l e n t i c u l a r  concept ( f i g .  19) has been i n v e s t i g a t e d  to 90" a t  M=2 and to 56" 
a t  M=3.5 and 4.65 ( r e f .  5). 

The l o n g i t u d i n a l  c h a r a c t e r i s t i c s  a t  M=2 a r e  shown i n  f i g u r e  20. 
o f  t he  f i n s  r e s u l t s  i n  increased l i f t  as we l l  as increased drag b u t  w i t h  a 
small n e t  increase i n  maximum l i f t - d r a g  r a t i o .  
t h e  l o n g i t u d i n a l  s t a b i l i t y  and because o f  the  f i n  l o c a t i o n ,  t he re  i s  a 
p o s i t i v e  increment i n  p i t c h i n g  moment a t  zero angle o f  a t t a c k  t h a t  leads  t o  a 
se l f - t r imming p o i n t  a t  about 1 5 "  f o r  t he  t e s t  c.g. l o c a t i o n  o f  0.45 body 
1 ength. 

The a d d i t i o n  

The f i n s  cons iderab ly  inc rease 

The e f f e c t s  o f  l o n g i t u d i n a l  c o n t r o l  d e f l e c t i o n  a t  M=2 ( f i g .  21) i n d i c a t e s  
t h a t ,  f o r  the t e s t  c.g., a -30" d e f l e c t i o n  prov ides  t r i m  a t  about 42" angle o f  
a t tack .  By s h i f t i n g  the  c.g. forward, t r i m  occurs a t  62" f o r  a c.g. a t  0.40 
body l e n g t h  and a t  78" f o r  a c.g. a t  0.36 body length .  
c o n t r o l  a t  M=3.5 ( f i g .  22) i n d i c a t e s  t r i m  i n  excess o f  56" i s  r e a d i l y  a t t a i n -  
ab le  and t h a t  a se l f - t r imming  p o i n t  (zero  d e f l e c t i o n )  occurs a t  32" w i t h  t h e  
c.g. a t  0.45 body length .  

The l o n g i t u d i n a l  

The l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  c h a r a c t e r i s t i c s  f o r  t he  l e n t i c u l a r  body t o  
an angle o f  a t tack  o f  56" a t  M=3.5 are presented i n  f i g u r e  23. 
i n d i c a t e d  d i r e c t i o n a l  s t a b i l i t y  up to 56" w i t h  the  f i n s  o f f .  Adding the  f i n s  
increased the  d i r e c t i o n a l  s t a b i l i t y  up to about 46" above which the  conf igura-  
t i o n  was less  s t a b l e  with t h e  f i n s  on than w i t h  t h e  f i n s  o f f - -p robab ly  because 
o f  an adverse sidewash i n  t h e  v i c i n i t y  o f  t h e  f i n s .  
occur a t  M=4.65 and the  c o n f i g u r a t i o n  ( r e f .  5)  , e i t h e r  f i n  on o r  o f f  , i s  
d i r e c t i o n a l l y  s tab le  t o  56". The c o n f i g u r a t i o n  a1 so prov ides  a p o s i t i v e  
d ihedra l  e f f e c t  over the angle-of -at tack range. 

The r e s u l t s  

Such an e f f e c t  does n o t  



CONC LUD I NG R EMARKS 

I t  has been the purpose of this paper to present the aerodynamic 
c h a r a c t e r i s t i c s  of  some reentry- type veh ic l e s  f o r  an angle-of-at tack range up 
t o  90' i n  o rde r  t o  determine f a c t o r s  t h a t  m i g h t  influence the design o f  
concepts  requi red  to e n t e r  the atmosphere from space and perform a t r a n s i t i o n  
to sus t a ined  atmospheric f l  i g h t .  

Some concl uding observa t ions  are:  

1. 

2. 

3.  

4. 

5. 

Highly-swept t r i a n g u l a r  planform conf igu ra t ions  and a c i r c u l a r  
planform conf igura t ion  were both found t o  be poss ib l e  candida tes  f o r  
t r a n s i t i o n a l  f l  i g h t .  

Control over the angle-of-attack range could be maintained w i t h  the 
t r i a n g u l a r  conf igura t ions  w i t h  the best results being through the 
combined use o f  a f t  and forward con t ro l s .  

The thinner wing-body concepts tended to have the best aerodynamic 
e f f i c i e n c y  b u t  the l e a s t  volume. 

Conversely, those  arrangements having the g r e a t e s t  volume, a1 though 
quite manageable, tended to have the l e a s t  aerodynamic e f f i c i e n c y .  

The c i r c u l a r  planform l e n t i c u l a r  body, i n  add i t ion  to having good 
longi tudina l  trim c h a r a c t e r i s t i c s ,  i nd ica t ed  good d i r e c t i o n a l  
s t a b i l i t y  l a r g e l y  due to inherent s t a b i l i t y  o f  the body. 
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