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SUMMARY 

Ekperimental/theoretical c o r r e l a t i o n s  are presented  which show t h a t  s ign i f -  
i c a n t  levels of  leading-edge t h r u s t  are p o s s i b l e  a t  supersonic  speeds f o r  
c e r t a i n  planforms which match t h e  t h e o r e t i c a l  t h r u s t - d i s t r i b u t i o n  p o t e n t i a l  
with t h e  support ing a i r f o i l  geometry. The new a n a l y t i c a l  process  employed 
provides  not on ly  t h e  leve l  of leading-edge t h r u s t  a t t a i n a b l e  bu t  a l s o  t h e  
spanwise d i s t r i b u t i o n  of both it and/or t h a t  component o f  f u l l  t h e o r e t i c a l  
t h r u s t  which a c t s  as vor t ex  l i f t .  
ance i n  t h e  moderate supersonic  speed regime i s  ind ica t ed .  

S i g n i f i c a n t l y  improved aerodynamic perform- 

INTRODU CT’I ON 

Aerodynamicists have long known of t h e  importance of  leading-edge t h r u s t  
t o  t h e  performance of subsonic  a i r c r a f t .  These f o r c e s ,  which a r i se  from t h e  
very  l o w  p re s su res  induced by t h e  h igh  v e l o c i t i e s  o f  t h e  flow around t h e  lead-  
ing  edge from a s t agna t ion  po in t  beneath t h e  wing, l a r g e l y  counterac t  t h e  
drag  from t h e  remainder of  t h e  a i r f o i l  i n  high-aspect-rat io  wings a t  low speeds. 
V e r y  high aerodynamic e f f i c i e n c y  f o r  such wings i s  t h e  result .  The e f f o r t s  t o  
extend t h e s e  b e n e f i t s  t o  t h e  h ighe r  speeds have l e d  t o  t h e  swept wings commonly 
seen i n  present-day, long-range a i r c r a f t .  Indeed, according t o  theory ,  should 
wing l ead ing  edges be swept s u f f i c i e n t l y  behind t h e  Mach angle ,  t h e r e  i s  
p o t e n t i a l  f o r  leading-edge t h r u s t  a t  supersonic  speeds.  U n t i l  very  r e c e n t l y  
(refs.  1 and 2 ) ,  however, t h e  p o t e n t i a l  f o r  leading-edge t h r u s t  a t  c r u i s e  i n  
conf igu ra t ions  s u i t a b l e  f o r  extended supersonic  c r u i s i n g  w a s  gene ra l ly  thought 
t o  be neg l ig ib l e .  It i s  t h e  purpose of t h i s  paper t o  show t h a t  such i s  not  t h e  
case ,  t h a t  c e r t a i n  planforms favor  supersonic  leading-edge t h r u s t ,  and t h a t  
wi th  a new method f o r  p r e d i c t i n g  t h e  degree t o  which it e x i s t s  as w e l l  as 
p r e d i c t i n g  i t s  spanwise d i s t r i b u t i o n ,  t h e r e  ex i s t s  some r a t i o n a l e  f o r  t h e  
e x p l o i t a t i o n  t h e r e o f .  

SYMBOLS 

b wing span 

C wing chord l eng th  

C mean aerodynamic chord 

drag c o e f f i c i e n t  

- 

cD 
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lift c o e f f i c i e n t  a t  maximum l i f t - d r a g  r a t i o  

p i t c h i n g  moment c o e f f i c i e n t  

a x i a l  o r  chord f o r c e  c o e f f i c i e n t  

cL , opt  

cm 

cA 

Ct 

cT 

C p re s su re  c o e f f i c i e n t  
P 

l o c a l  t h r u s t  c o e f f i c i e n t  

t o t a l  t h r u s t  c o e f f i c i e n t ,  

0 
cL’cD l i f t - t o - d r a g  r a t i o ,  

M f ree-s t ream Mach number 

RN f ree-s t ream Reynolds number 

s f c  s p e c i f i c  f u e l  consumption 

t maximum th i ckness  of l o c a l  wing chord 

X l o n g i t u d i n a l  d i s t a n c e  t o  l o c a l  wing l ead ing  edge 

Y spanwise d i s t a n c e  from re fe rence  a x i s  

c i  angle  of  a t t a c k ,  deg 

P = J T r i  
A leading-edge sweep angle  

Subscr ip t :  

C re fe renced  t o  mean aerodynamic chord 
- 

1 denotes l i m i t i n g  condi t ion  

n q u a n t i t i e s  p e r t a i n i n g  t o  a wing s e c t i o n  normal t o  l e a d i n g  edge 

max denotes m a x i m u m  va lue  

230 



DISCUSSION 

Experimental/Theoretical Considerations 

An experimental/theoretical comparison of the drag polars of three slender 
supersonic-cruise configurations is shown in figure 1. The two on the left 
which were tested at Mach number 2.7 were the last competing pair in the national 
SST program. The configuration on the right,which is an NASA concept (ref, 3) 
of essentially the same vintage, was tested at Mach number 2.6. All were tested 
in the NASA Langley Unitary Plan wind tunnel at a Reynolds number, based on mean 
aerodynamic chord, of approximately 5 million. 

All three configurations have subsonic leading edges over much of the wing 
span (that is; local leading edge swept behind the Mach line), and the left- 
most concept has blunt airfoil sections; conditions conducive to leading-edge 
thrust. The generally good agreement between experiment a,nd calculation 
(refs. 4, 5, 6) in which measured drag generally exceeds theory by small amounts, 
if any, would suggest some validity in the generally accepted assumption of no 
leading-edge thrust in the calculation methods. These data seem characteristic 
of supersonic drag polars at design speed, generally. Thus, supersonic design 
and evaluation methods have generally (and, perphaps, conveniently) neglected 
leading-edge thrust. 

Some insight into the lack of evidence of supersonic leading-edge thrust, 
may be gained from figure 2. Here theoretical maximum thrust and bluntness or 
thickness comparisons are shown (with thickness somewhat exaggerated for clar- 
ity) for two planforms having predominantly subsonic leading edges. In the 
case of the more conventional straight-leading-edge wing where there is poten- 
tial for thrust, there is littJe thickness or bluntness for it to act upon. 
The complex-leading-edge wing, however, with its higher inboard sweep (reaching 
almost 80 degrees) and fuller inboard thickness shows a sianificant thrust 
potential where the geometry favors its attainment. Put another way, there 
is upwash where there is thickness. 
static longitudinal aerodynamic characteristics of a wing model having the plan- 
form of this complex wing will subsequently be shown. The model (ref. 1) had 
a design Mach number of 1.8, a design lift coefficient of 0.07, and NACA 65AOO4 
airfoil sections 
housing mounted essentially symmetrically about the camber plane and faired 
smoothly into the forward surfaces of the wing. A s  shown in figure 3, tests 
were conducted at the design Mach number of 1.8 and at a Reynolds number,based 
on mean aerodynamic chord,of about 2 million. Compare first the experimental 
data with the no-leading-edge-thrust linear theory (refs. 7 ,  8, 9)  without 
pressure-coefficient limiting or consideration of vortex lift (refs. 10 and 11). , 
The experimental nonlinearities in the lift curve and in the pitching moment, 
in particular, are not represented by theory, nor is there adequate representa- 
tion of lift-drag ratio at optimum lift (that is; lift coefficient for maximum 
lift-drag ratio). Arbitrarily limiting the linear-theory press'ure coefficients 
(which might otherwise be below vacuum) to 314 vacuum results in the dashed 
curves. Breaks are now seen in the theory curves which would seem to result frm 
significant and progressive lift losses from the tip region inboard, indicated 
by the severity of the pitching moment nonlinearity, 

Experimental/theoretical comparisons of 

and was essentially a wing alone, having a small balance 

Thus it would seem that 
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theory without pressure constraint calls for potential-flow pressures which 
physically cannot be achieved. Some other flow mechanism must therefore have 
existed, Assuming that,when potential flow cannot be fully maintained, the 
Polhamus vortex-lift analogy (ref. 10) applies, normal force increments rep- 
resenting the effects of separated vorticity were then applied to the limited 
linear theory values. These lift increments were obtained by a new method 
(ref. 12) which provides the necessary theoretical full leading-edge-thrust 
values for the arbitrary planform. The resulting theoretical values are seen 
(fig. 3 )  as the dot-dash curve. These curves of limited linear theory with 
vortex lift, all parameters considered, are certainly an improvement, but there 
remains a large discrepancy in maximum lift-drag ratio. 

On the assumption that,prior to manifesting itself as vortex lift, some 
leading-edge thrust might, indeed, have occurred, the final curve showing the 
pressure-coefficient-limited linear theory without vortex lift but with full 
theoretical thrust is presented. Agreement at maximum lift-drag ratio is much 
improved. There remains, however, a problem beyond predicting leading-edge 
thrust or vortex lift at supersonic speeds, and that is the analytical repre-. 
sentation of the transition from the thrusting mode to the vortex-lift mode. 

New Analytical Method 

A new method (ref. 13) for estimation of attainable thrust has been devel- 
oped and the key features thereof are presented in figure 4. 
simple sweep theory to wings of arbitrary planform, permitting two-dimensional 
analysis. A comprehensive survey of two-dimensional data is correlated to pro- 
vide limiting-pressure restraints as a function of these normal Mach and Reyn- 
olds numbers. Correlation equations derived from theoretical two-dimensional 
data then provide thrust-coefficient limitation as a function of theoretical 
thrust, limiting pressure, and airfoil section parameters. With these relation- 
ships programmed as a subroutine in existing lifting-surface programs, spanwise 
distribution of attainable thrust is directly available for use in lift and drag 
estimation. These lift and drag relationships are compatible with the Polhamus 
leading-edge-suction analogy for fully detached leading-edge flow when the 
analogy is taken to be the limiting case of a gradual rotation of the full 
suction vector as leading-edge thrust is lost. Thus the method does provide 
a rational analytical means for making the transition from the thrust mode to 
that of vortex lift. 

The method applies 

In figure 5, experimental axial-force coefficient--a parameter sensitive 
to leading-edge thrust--is compared over the lift range to theoretical values 
for full leading-ledge thrust and for no leading-edge thrust, as well as for 
the attainable-thrust values from the new method. Not only is a significant 
amount of experimental leading-edge thrust indicated, but a reasonably good 
representation of experiment by the new attainable-thrust method is obtained 
in the positive-lift range up to lift coefficients of 0.3 or so. 

Returning via figure 6 to the lift-drag ratio comparisons between theory 
and experiment, the attainable curve is seen to agree with the full-thrust values 
in a very limited low-lift range. From the low-lift-coefficient values of such 
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agreement t o  t h e  h ighes t  va lues  shown, t h e  new method provides  t h a t  less and 
less of t h e  leading-edge f o r c e  be manifested as t h r u s t ,  and more and more be 
manifested as vor t ex  lift. The i n s e t  f low-visua l iza t ion  photographs, t aken  a t  
t h e  condi t ions  r ep resen ted  by t h e  darkened symbols, are included t o  provide an 
understanding of  t h e  flow physics  a t  those  po in t s .  The upper p a i r  of photo- 
graphs are of t h e  upper su r faces  of t h e  model with a f luo rescen t  o i l  coa t ing ,  
which, under t h e  a c t i o n  o f  t h e  flow, has  e s s e n t i a l l y  s t a b i l i z e d  a t  each of t h e  
two condi t ions .  The p i c t u r e  a t  t h e  r i g h t  i s  taken  from above t h e  r i g h t  rear 
quadrant of  t h e  model as it i s  immersed i n  humid, p a r t i a l l y  condensed flow 
and i l l umina ted  by a t h i n  f a n  of  i n t e n s e  l i g h t  pos i t i oned  normal t o  t h e  flow. 
Strong v o r t i c e s  appear a t  t h i s  h i g h - l i f t  cond i t ion  as t h e  p a i r  of dark c i r c l e s  
l oca t ed  above t h e  wing sur face  about midway between t h e  wing l ead ing  edges and 
t h e  model p l aneof  symmetry. Thus t h e  upper-surface flow appears  t o  vary from 
t h e  c l a s s i c  po ten t ia l - f low condi t ion  a t  t h e  l i f t  c o e f f i c i e n t  f o r  which t h e  
wing camber w a s  designed, through a condi t ion  i n  which t h e r e  i s  a mixed flow 
inc luding  some v o r t i c i t y ,  t o  t h e  condi t ion  a t  h igh  l i f t s  i n  which t h e r e  i s  
s t r o n g , f u l l y  sepa ra t ed  v o r t i c i t y  loca t ed  w e l l  inboard of t h e  l ead ing  edge. 
I n  any event ,  t h e  modified l i n e a r  theory  method, which a t tempts  t o  account 
f o r  t h e s e  nonl inear  t ypes  of  flow, provides ,  i n  a d d i t i o n  t o  an  i n d i c a t i o n  of 
s i g n i f i c a n t  amounts of  leading-edge t h r u s t ,  a s u b s t a n t i a l l y  improved represen- 
t a t i o n  of t h e  experimental  r e su l t s .  Note f o r  fu ture  r e fe rence  t h a t  angles  of 
a t t a c k  of 2 and 4 degrees  f a l l  j u s t  below and above t h a t  f o r  maximum l i f t - d r a g  
rat i o .  

Spanwise D i s t r i b u t i o n  of Thrust  

With supersonic  t h r u s t  d i s t r i b u t i o n  being so c r i t i c a l l y  dependent upon t h e  
degree t o  which t h e  l ead ing  edge i s  swept behind t h e  Mach l i n e ,  cons idera t ion  
of t h e  spanwise d i s t r i b u t i o n  of t h r u s t  i n  f i g u r e  7 begins  wi th  t h e  spanwise 
d i s t r i b u t i o n  of a parameter,  1 / ( B  co t  A ) ,  which i s  t h e  r a t i o  of t h e  tangent  of  
t h e  leading-edge sweep t o  t h e  tangent  of  t h e  sweep of t h e  Mach l i n e .  Thus, t h e  
higher  t h e  va lues  of l/(B co t  A ) ,  t h e  more subsonic t h e  l ead ing  edge, w i th  
t h e  va lue  of u n i t y  r ep resen t ing  a sonic  l ead ing  edge, and lesser values cor- 
responding t o  a supersonic  l ead ing  edge. The c a l c u l a t e d  va lues  of  l o c a l  t h r u s t  
c o e f f i c i e n t  f o r  t h e  experimental  conf igura t ion  a t  t e s t  Reynolds number (2.07 
x lo6) and at  design Mach number (1.8) This i s  a 
convenient way t o  express  l o c a l  t h r u s t ,  s i n c e  t h e o r e t i c a l  maximum t h r u s t  coef- 
f i c i e n t  i s  a d i r e c t  func t ion  of and t h e  a i m  he re  i s  t o  show t h a t  as angle  
of a t t a c k  i s  increased  t h e  por t ion  of maximum t h e o r e t i c a l  t h r u s t  which appears  
t o  be a t t a i n a b l e  becomes smal le r .  
assumes t h a t  a t t a i n a b l e  t h r u s t  i s  t h a t  component o f  maximum t h e o r e t i c a l  t h r u s t  
which mani fes t s  i t s e l f  as t h r u s t ,  while t h e  normal component of  t h a t  t h e o r e t i -  
c a l  m a x i m u m  manifests  i t s e l f  as vo r t ex  l i f t ,  with t h e  d i f f e r e n c e  between t h e  

curves de f in ing  t h e  l o c a t i o n  and i n t e n s i t y  o f  t h e  la t ter .  't ,max 
Thus, t h e o r e t i c a l l y ,  t h e  loss  of  t h r u s t  and t h e  a t t endan t  development o f  vo r t ex  
lift begins  outboard and moves p rogres s ive ly  inboard as ang le  of a t t a c k  i s  
increased.  This  a n a l y t i c a l  degradat ion i n  percent  of  maximum t h e o r e t i c a l  
t h r u s t  and t h e  corresponding inc rease  i n  vo r t ex  l i f t , a s  ang le  of  a t t a c k  i s  
increased  from 2 t o  4 degrees i n  t h i s  f i g u r e ,  correspond t o - t h e  l i f t -d rag -  
r a t i o  decrements between f u l l  and a t t a i n a b l e  t h r u s t  a t  t h e s e  two angles  i n  

are shown d iv ided  by a 2 .  

ci2 

It should be r e c a l l e d  t h a t  t h e  theory  

and Ct 
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f i g u r e  6 .  The c a l c u l a t e d  va lues  o f  both f i g u r e s  6 and 7 i n d i c a t e  t h e  e f f e c t  
of cons iderable  v o r t i c i t y  a t  t h e  h igher  angle  ( b o ) ,  w i th  t h e  former ( f i g u r e  6 )  
providing s t r o n g  experimental  evidence i n  t h e  corresponding o i l - f low photo- 
graph. 

Lest it be assumed t h a t  a t t a i n a b l e  t h r u s t  decreases  wi th  inc reas ing  ang le  
o f  a t t a c k ,  t h e  remaining t h r u s t - d i s t r i b u t i o n  f i g u r e s ,  beginning wi th  f i g u r e  8, 
w i l l  dea l  i n  abso lu t e  va lues  of  l o c a l  t h r u s t  c o e f f i c i e n t  a t  t h e  two angles  of  
a t t a c k  of  2 and 4 degrees.  I n  f a c t ,  t hey  w i l l  show t h a t  c a l c u l a t e d  a t t a i n a b l e  
t h r u s t  a t  4 degrees  exceeds,  i n  most cases ,  t h e  t h e o r e t i c a l  maximum t h r u s t  a t  
2 degrees angle  of  a t t a c k .  

The c a l c u l a t e d  va lues  of  abso lu t e  l o c a l  t h r u s t  c o e f f i c i e n t s  i n  f i g u r e  8 
a r e  f o r  t h e  same cond i t ions  as i n  t h e  previous f i g u r e ,  except t h a t  va lues  f o r  
a f u l l - s c a l e  Reynolds number of  128 m i l l i o n  (corresponding t o  c = 25.3 meters 
and an a l t i t u d e  of  17400 

which i s  twice  t h e  i n t e g r a l  o f  t h e  l o c a l  of t o t a l  t h r u s t  c o e f f i c i e n t  
c o e f f i c i e n t s ,  i s  shown f o r  each Reynolds number. A t  an ang le  of a t t a c k  of 
two degrees ,  t h r u s t  l o s s  begins  near  midsemispan 
o r  so d i f f e r e n c e  i n  t h e  t o t a l  t h r u s t  c o e f f i c i e n t  between Reynolds numbers of 
2.07 m i l l i o n  and 128 m i l l i o n ,  wi th  t h e  va lue  f o r  128 m i l l i o n  be ing  about two 
counts less  than  t h e  t h e o r e t i c a l  maximum value  ( R N  = ) .  A t  fou r  degrees  
however, t h e r e  i s  an apprec i ab le  d i f f e r e n c e  i n  l o c a t i o n  of  t h r u s t  loss and 
nea r ly  f ive  counts d i f f e rence  between tunne l  and f u l l - s c a l e  Reynolds number, 
with t h a t  f o r  t h e  l a t t e r  being approximately h a l f  t h e  34-count t h e o r e t i c a l  
maximum value.  I n  t h i s  ca se ,  t h e  e f f e c t s  of  Reynolds number on t h r u s t  are 
seen t o  he important ,  bu t  c e r t a i n l y  not  c r i t i c a l .  

meters) have been added. For convenience, t h e  va lue  

cT , 
and t h e r e  i s  a count (0.0001) 

The l o c a l  t h r u s t  c o e f f i c i e n t  va lues  of  f i g u r e  9 are f o r  t h e  same b a s i c  
conf igura t ion  a t  a Reynolds number o f  128 m i l l i o n ,  bu t  wi th  another  Mach num- 
b e r ,  1 . 4 ,  as w e l l  as t h e  o r i g i n a l  1.8. While t h e  spanwise l o c a t i o n  of t h r u s t  
l o s s  here  does not  appear t o  be s t r o n g l y  Mach-number dependent, both t h e  
a t t a i n a b l e  and t h e o r e t i c a l  maximum values  of  t o t a l  t h r u s t  appear t o  be very 
much so. A t  bo th  ang le s  of a t t a c k ,  a t t a i n a b l e  t h r u s t  a t  Mach number 1 . 4  i s  
about double t h a t  a t  Mach number 1.8, wi th  some 35-1/2 counts  appearing t o  be 
a t t a i n a b l e  out  of  t h e  65 counts  of  t h e o r e t i c a l  maximum t h r u s t  a t  M = 1 .4 .  
The f a c t  t h a t ,  a t  bo th  two and f o u r  degrees ,  t h e  c a l c u l a t i o n s  show f u l l  t h r u s t  
t o  extend somewhat f u r t h e r  ou t  on t h e  wing semispan a t  Mach number 1 . 4  than  a t  
1.8 i s  s u r p r i s i n g ,  s i n c e  t h e  inboard l ead ing  edge con ta ins  a s i g n i f i c a n t  por- 
t i o n  swept a t  79-1/2 degrees--a very  subsonic segment wi th  a normal Mach num- 
b e r  of 0.255. 
s i g n i f i c a n t l y  increased  over t hose  of t h e  present  wing a t  Mach number 1.8. 

This sugges ts  t h a t  design va lues  of 1 / ( B  c o t  A )  might be  

I n  f i g u r e  10 ,  c a l c u l a t e d  l o c a l  t h r u s t  c o e f f i c i e n t s  f o r  a Mach number of  
1 .8  and a Reynolds number of 128  m i l l i o n  are shown f o r  t h e  b a s i c  conf igura t ion  
with i t s  4-percent-thick wing, and f o r  v a r i a t i o n s  i n  wing th i ckness  t o  3 and 
5 percent .  Q u a l i t a t i v e l y * t h e  inboard progression of  t h r u s t  l o s s  wi th  decreas- 
i ng  th i ckness  i s  as would be expected,  A s  w a s  t h e  case  f o r  Reynolds-number 
v a r i a t i o n  i n  f i g u r e  8. t h e  e f f e c t  o f  t h e  present  variable ( t / c )  i s  seen,  w i th in  
t h e  range shown (0.03 t o  0 . 0 5 ) ,  t o  be  important t o  leading-ledge t h r u s t ,  bu t  
c e r t a i n l y  not  c r i t i c a l .  



Thrust-Dependent Lift-Drag Ratio 

The previous thrust-distribution figures (8, 9 ,  and 10) have shown, for 
the basic study configuration and variations thereof, the dependence of leading- 
edge thrust on Reynolds number, Mach number, and thickness ratio. Figure 11 
addresses the effects of these same three variables (RN, M y  and t/c) on maximum 
lift-drag ratio, including leading-edge thrust effects. In each case, the the- 
oretical curves for full leading-edge thrust, no leading-edge thrust, and 
attainable thrust are shown. Where available, the appropriate experimental 
points are presented. 
is 1.8 and thickness ratio is 0.04. 

Unless otherwise indicated on an abscissa, Mach number 

The large effect on maximum lift-drag ratio of the variation of Reynolds 
number is almost entirely that due to the change in viscous drag. Calculated 
attainable thrust is seen to vary from about half the increment between no 
thrust and f u l l  thrust at the lowest Reynolds number to about 60 percent at 
the highest--a small amount compared to that due to the viscous-drag change. 
The agreement between experiment and calculation seems reasonably good. 

The effect on maximum lift-drag ratio of varying Mach number over the 
range shown is particularly large for the full-thrust case at both the test 
and full-scale Reynolds numbers, with the attainable-thrust curve showing a 
similarly large variation at the high Reynolds number. 
attainable-thrust variation at test Reynolds number (2.07 million) falls about 
midway between the full-thrust values and those for the relatively insensitive 
no-thrust curve. This greater thrust dependency on Mach number certainly sug- 
gests that the extrapolations of such wind-tunnel data to full-scale conditions 
take careful account of leading-edge thrust. Again, agreement between experi- 
ment and calculation is reasonably good, but particularly significant to the 
designer is that agreement at the M'= 1.5 condition, for it suggests that very 
high values of l/(p cot A) (or very low Mach-number components normal to the 
wing leading edge) may be tolerated. 

In contrast, the 

The sharp variations of maximum lift-drag ratio with thickness ratio is 
again seen to be an effect on mimimum drag, Here, it is a large variation of 
zero-lift wave drag with thickness. The steeper variation at the full-scale 
Reynolds number is due to the combining of the additional viscous-drag decre- 
ment with the sharply changing wave drag to produce, as thickness is reduced, 
very low values of minimum drag An 
interesting additional point is that, at full-scale Reynolds number, values of 
maximum lift-drag ratio corresponding tc, the attainable-thrust, curve did not 
fall off toward the no-thrust curve as thickness decreased. 

and consequently high lift-drag ratios. 

It is to be noted that supersonic-cruise designs have generally been based 
on analytical methods which excluded leading-edge thrust, corresponding to the 
dashed-curve values of figure 11. In the light of the experiment.ally and 
analytically indicated high tolerance to high values of 1/(B cot'fl) (lower 
Mach numbers, here) and the calculatively indicated insensitivity of thrust to 
thickness (for moderate changes in thickness), very high levels of supersonic 
aerodynamic performance seem possible. 
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Returning via f i g u r e  1 2  t o  t h e  spanwise v a r i a t i o n  o f  t h e  design parameter,  
1/(@ co t  A ) ,  upon which leading-edge t h r u s t  i s  so dependent,  an a d d i t i o n a l  curve 
(beyond t h a t  shown i n  f i g u r e  7 )  corresponding t o  t h e  b a s i c  conf igu ra t ion  a t  a 
Mach number of  1 . 5  has been added as t h e  dashed l i n e .  It i s  t h i s  much more 
subsonic l ead ing  edge which appears  t o  have worked w e l l  a t  M = 1 . 5 .  
l ead ing  
Same spanwise schedule of 1/( @ co t  A )  as t h e  o r i g i n a l  wing @ a t  Mach number 
1 . 5 ,  i s  def ined  by t h e  i n d i c a t e d  i n t e g r a t i o n  of  t h e  dashed curve.  Requiring, 
i n  add i t ion ,  t h e  same t i p  chord, t h e  same chord as a t  t h e  t r a i l i ng -edge  break,  
and t h e  same wing area as @ r e s u l t s  i n  t h e  new wing @ . Calcula ted  maxi- 
mum l i f t - d r a g  r a t i o  and t h e  product of it and Mach number are shown f o r  4-per- 
cent- thick ve r s ions  of  bo th  wings fi] and @ a t  Mach numbers 1 .5  and 1.8 and a t  
t e s t  and f u l l - s c a l e  Reynolds numbers i n  f i g u r e  13. The a v a i l a b l e  corresponding 
experimental  va lues  are a l s o  shown as t h e  c i r c l e  symbols. An i n t e r e s t i n g  result 
shown i n  t h i s  f i g u r e  i s  t h a t ,  bo th  maximum L/D 
and M*L/D are h igher  f o r  wing & a t  M = 1.8 than  f o r  wing @ at  e i t h e r  Mach 
number, From t h i s  p o i n t ,  a des igner  might p r o f i t a b l y  trade toward lower out-  
board panel  sweep without  s i g n i f i c a n t  performance loss  and then  t r a d e  toward a 
th i ckness  s u b s t a n t i a l l y  less than  t h e  present  4 percent  so as t o  produce ex t ra -  
o r d i n a r i l y  h igh  l e v e l s  o f  aerodynamic performance. 

The 
edge of a new wine: wi th  a desinn Mach number of  1.8, b u t  with t h e  

f u l l - s c a l e  Reynolds number 

Addi t iona l  Design Considerat ions 

Taking a broader  view of wings designed t o  ope ra t e  a t  c r u i s e  wi th  a s ig-  
n i f i c a n t  amount of leading-edge t h r u s t ,  s e v e r a l  design-oriented observa t ions  
can be  made wi th  t h e  a i d  of  f i g u r e  14. Here t h e  planform of t h e  p re sen t  
s tudy i s  shown shaded and superimposed on t h e  conta in ing  d e l t a  planform. 
Recognizing t h e  seeming i n e v i t a b l e  shr inkage i n  wing s i z e  ( t o  reduce wet ted 
area and weight)  i n  t h e  success ive  s t a g e s  of  design cyc l ing  from t h e  i n i t i a l  
concept,  t h e  lower ha l f  of t h e  planform f i g u r e  w a s  prepared t o  show t h e  con- 
t a i n i n g  d e l t a  and a shrunken ve r s ion  thereof  having the same p lan  area as 
shaded above. Immediately apparent  i s  i t s  much-reduced e f f e c t i v e  l i f t i n g  
l eng th  and s h o r t e r  span compared t o  t h e  i n i t i a l  shaded planform. Considering 
t h a t  supersonic  drag  due t o  l i f t  i s  an inve r se  func t ion  of t h e  combination 
of  t h e  square of t h e  l i f t i n g  l e n g t h  and t h e  square of t h e  span, it i s  c r i t i -  

. c a l l y  important t o  aerodynamic performance t o  be  p a r t i c u l a r l y  s e l e c t i v e  i n  
reducing wing a rea .  The shaded planform reduces wing area bu t  preserves  
t h e  o v e r a l l  l eng th  and span, and t h u s  should t end  t o  r e t a i n  t h e  aerodynamic 
e f f i c i e n c y  of t h e  l a r g e r  conta in ing  d e l t a .  Another p o i n t  regard ing  t h e  
shaded planform i s  t h a t  s t r u c t u r a l l y  it should t end  t o  resemble a wing having 
t h e  planform represented  by t h e  shaded area rearward of  t h e  short-dash l i n e ,  
b u t  t o  which has been added a forward s t r a k e .  

A f i n a l  po in t  t o  be made through t h i s  f i g u r e  i s  i n  r ega rd  t o  t rea tment  of 
t h e  planform at t h e  wing t i p .  It i s  suggested t h a t  t h e  wing t i p  be t a i l o r e d  
t o  provide t h a t  t h e  t i p  vo r t ex  i n i t i a t e  inboard along t h e  l ead ing  edge so as 
t o  p l ace  not  only i t s  s u c t i o n  e f f e c t  on t h e  upper s u r f a c e  bu t  i t s  pumping o r  
scavenging e f f e c t  over  t h e  t i p  area which might otherwise experience flow 
sepa ra t ion  as i n  t h e  i n s e t  ske tch  below. 



CONCLUDING REMARKS 

There are several observations growing out of the present study which 
should be of interest to the designer of supersonic-cruise vehicles. 
most is that experimental results indicate the presence of significant amounts 
of leading-edge thrust at supersonic speeds. Furthermore, there is a new 
methodology for the prediction of attainable leading-edge thrust and/or that 
component of thrust which acts as vortex lift. There is, as well, a new 
class of supersonic wings which matches the theoretical thrust-distribution 
potential with supporting airfoil geometry (that is, which places upwash 
where there is bluntness). 
ratios at higher lift coefficients. Noting that with the attainment of sub- 
stantial amounts of leading-edge thrust at supersonic speeds increasing with 
diminishing Mach numbers, efforts to significantly improve range factor 
(M.L/D i sfc) should give rise to serious consideration of lower supersonic- 
cruise speeds (of the order of Mach number 2 or less). 
will certainly offer more speed-compatible airframes and propulsion systems. 

Fore- 

These should lead to higher maximum lift-drag 

These lower speeds 

237 



REFERENCES 

1. Robins, A. Warner; Lamb, Milton; and Miller, David S.: Aerodynamic 
Characteristics at Mach Numbers of 1.5 ,  1.8, and 2.0 of a Blended 
Wing-Body Configuration With and Without Integral Canards. NASA 
TP-1427, 1979. 

2. Robins, A. W.; and H. W. Carlson: High Performance Wings With Significant 
Leading-Edge Thrust at Supersonic Speeds. Presented at A I M  Aircraft 
Systems and Technology Meeting, August 20-22, 1979, New York, New York. 

3. Morris, Ode11 A,; and Fournier, Roger H.: Aerodynamic Characteristics 
at MachNmbers2.30, 2.60, and 2.96 of a Supersonic Transport Model 
Having a Fixed, Warped Wing. NASA TM X-1115, 1965. 

4. Harris, Roy V., Jr. An Analysis and Correlation of Aircraft Wave Drag. 
NASA TM X-947, 1964. 

5. Middleton, Wilbur D.; and Carlson, Harry W.: Numerical Method of 
Estimating and Optimizing Supersonic Aerodynamic Characteristics 
of Arbitrary Planform Wings. J. Aircraft, vol. 2, no. 4, July- 
August, 1965, pp. 261-265. 

6. Sommer, Simon C.; and Short, Barbara J.: Free-Flight Measurements of 

NACA TN 3391, 
Turbulent-Boundary-Layer Skin Friction in the Presence of Severe 
Aerodynamic Heating at Mach Numbers From 2.8 to 7.0. 
1955 

7. Middleton, W. D.; and Lundry, J. L.: A Computational System for 
Aerodynamic Design and Analysis of Supersonic Aircraft. Part J. - 
General Description and Theoretical Development. NASA CR-2715, 
1976 

8. Middleton, W. D.; Lundry, J. L; and Coleman, R. G.: A Computational 
System for Aerodynamic Design and Analysis of Supersonic Aircraft. 
Part 2 - User's Manual. NASA CR-2716 , 1976. 

9. Middleton, W. D.; Lundry, J. L.; and Coleman, R. G.: A Computational 
System for Aerodynamic Design and Analysis of Supersonic Aircraft. 
Part 3 - Computer Program Description. NASA CR-2717, 1976. 

10. Polhamus, Edward C.: Predictions of Vortex-Lift Characteristics by 
a Leading-Edge Suction Analogy. 
April 1971, pp. 193-199. 

J. Aircraft, vol. 8, no. 4, 

11. Kulfan, R. M.: Wing Geometry Effects on Leading Edge Vortices. 
Presented at A I M  Aircraft Systems and Technology Meeting-, August 20- 
22, 1979, New York, New York. 

238 



12. Carlson,  Harry W . ;  and Mack, Robert J . :  Est imat ion of Leading-Edge 
Thrust for Supersonic Wings of A r b i t r a r y  Planform. NASA TP-1270, 
1978. 

13. Carlson, Harry W . ;  Mack, Robert J . ;  and Barger,  Raymond L. :  Est imat ion 
of At t a inab le  Leading-Edge Thrust  for Wings a t  Subsonic and Supersonic 
Speeds. NASA TP-1500, 1979. 

239 



‘6 (RN)e 4.8 X 10 

cD 

M = 2.1 

. 01 
0 EXPERIMENT 

THEORY 

+ O  . 1  . 2  

M = 2.7 k 0 . 1  . 2  

M = 2.6 L! 0 . 1  . 2  

Figure 1.- Experimental/theoretical drag polars of models of supersonic- 
cruise aircraft. 

CONVENT1 ONAL 

THEORETICAL Ct, max 
\ 

\ 

Figure 2.- Thurst and thickness comparisons near wing leading edge. 

240 



6 M = 1.8 IRNk = 2.07 x 10 
Cp LIMIT VORTEX LIFT L. E. THRUSI 

NONE WITHOUT NONE 
31 4 VACUUM WITHOUT NONE 
31 4 VACUUM WITH NONE 
31 4 VACUUM WITHOUT FULL 

THEORY { 

a 
l:k-." 0 

-8b  , , , 
cL 

0 . 2  . 4  .6 

Figure 3.- Experimental/theoretical 

8 

4 

0 .16 

.12 

.08 

.04 

cD 

0 . 2  . 4  .6 
cL 

LID 

comparisons of longitudinal aerodynamic 
characteristics. 

APPLICATION OF TO WINGS OF ARBITRARY 
PLANFORM PERM ITS TWO- 

THEORY DIMENSIONAL ANALYSIS 

AS A FUNCTION OF 
MACH NUMBER AND 

REYNOLDS NUMBER 

EXPERIMENTAL TWO-DIMENSIONAL 
DATA PROVIDES L I M I T I N G  

PRESSURE RESTRAINTS 

THEORETICAL TWO-DIMENSIONAL 

L I M I T I N G  PRESSURE, 
AND A IRFOIL  SECTION 

PARAMETERS 

DATA PROVIDES THRUST 
COEFF I C  IENT LIMITATION 

FOR USE I N  

PERFORMANCE 
ESTIMATES 

ABOVE RELATIONSHIPS PROGRAMMED A S  

PROGRAMS PROVIDE SPANWISE 
A SUBROUTINE IN LIFTING SURFACE 

THRUST DISTRIBUTIONS 

Figure 4 . -  Key features of attainable-thrust prediction method. 

2 41 



6 M = 1.8 & RN, = 2.07 x 10 

I’ NO LEADING-EDGE THRUST>/ 

0 

. 0100 
cA 

/ 
*oo80 1 FULL LEADING-EDGE THRUST 

01 I I I I I I 

cL 
-.2 -.I 0 . I  . 2  . 3  . 4  

Figure 5.- Experimental/theoreti.cal ax ia l - force  c o e f f i c i e n t s .  

Figure 6 . -  Comparison of t h e o r i e s  wi th  both  q u a l i t a t i v e  and q u a n t i t a t i v e  
experimental  d a t a .  

242 



1 
B Cot A I 

M = 1.8 

- - -3 
SUPERSONIC LE.  

M = 1.8 

- - -3 
SUPERSONIC LE.  

-L 

b12 

Figure 7 . -  Spanwise distribution of leading-edge thrust. 

M = 1.8; t/c = .04 
0 0 a = 2  a = 4  

.m- 

.003 

.002- 

.a1- 

I 
I 

ct ! - 
d 

0 . 2  . 4  . 6  . 8  1.0 
Y 

b l 2  
- 

~ 

0 . 2  . 4  .6 . 8  1.0 

Figure 8.-  L.  E .  thrust dependency on Reynolds number. 

243 



,014 

.012 

.010 

.008 
Ct 

.006 

.004 

.002 

0 

‘T, max ii 
.00089 .00341 :I 

‘T 
.@I066 

0 a = 2  

M 
-1.8 
:--1.4 

- I 
‘I :\ 
:* 

/-- 

- /4 A 
/ LT.j ‘t. maxj 

r \  

Y 
b 1 2  
- 

Figure 9.- L. E. t h r u s t  dependency on Mach number. 

M = 1.8; RN = 128 X 10 6 
c 

0 a = 4  0 a = 2  
3 

‘T i‘; t l  c cT .007 t l  c 

.@I174 

.00143 j 
.04 .ooo66 

.006[ ____ .03 .OOO58 
.05 .ooo73 .05 -.- - .- 

Figure 10.- L. E. t h r u s t  dependency on th ickness  r a t i o .  

244 



- AllAlNABLE THRUST 
NO LE. THRUST 
FULL L. E. THRUST 

----- 
--- 

M =  1.8 
t / c = . 0 4  

l2 t 

1 

t lc  = .04 

a 
M 

1.6 2.0 . 

M = 1.8 

a 
! .04 .06 

t l c  

Figure 11.- Maximum lift/drag ratio as affected by Reynolds & Mach 
numbers & thickness. 

I 

I 'SUPERSONIC LEADING EDGE 

. 2  . 4  .6 . 8  1.0 0 
Y 

b12 
- 

Figure 12.- Generation of alternate wing. 

245 



6 RNc/ 10 

El 2.07 
0 128 

M-1.8 1.5 1.8 1.8 1.5 1.8 

CONFIG.-@ @ @ @ @ @  
10 20 

8 16 

4 8 

2 4 

0 0 

Figure 13.- Aerodynamic performance of original & alternate wings. 

FLOW 

u 
Figure 14.- Additional design considerations. 

246 


