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STUDIES RELATING TO THE ATTAINMENT OF HIGH 

UFT-DRAG RATIOS AT HYPERSONIC SPEEDS* 

By David E. Fetterman, Arthur Henderson, Jr., 
Mitchel H. Bertram, and Patr ick J. Johnston 

Langley Research Center 

SUMMARY 

An evaluation of resu l t s  of recent investigations of slender configura- 
t ions  t o  determine factors  having the  most s ignif icant  influence on aerody- 
namic efficiency i s  presented. The resu l t s ,  which w e r e  obtained a t  a Mach 
number of 6.8 i n  a i r  and of 20 i n  helium, show the  e f fec ts  on maximum l i f t -  
drag r a t i o  of viscosity,  body longitudinal curvature, cross-sectional shape, 
and fineness r a t io ,  wing location, planform leading-edge sweep and diameter, 
and volumetric efficiency. I n  addition, the  interrelat ionship of these fac- 
t o r s  i n  determining the  extent of benef ic ia l  e f fec ts  from favorable inter-  
ference i s  examined. Included also are preliminary comparisons between cer- 
t a i n  merged wing-body configurations and discrete  wing-body types. 

INTRODUCTION 

I n  applications t o  air-breathing hypersonic f l i g h t  such as tha t  for recov- 
erable boosters, hypersonic transports,  and reconnaissance a i r c r a f t  where range 
i s  of primary in t e re s t ,  the  need f o r  high-lif t-drag-ratio capabili ty needs 
l i t t l e  jus t i f ica t ion .  For military systems with reentry capabili ty,  the  l i f t -  
drag r a t i o  has a smaller e f fec t  on range but i s  s t i l l  of i n t e re s t  f o r  b e t t e r  
maneuvering and t ra jec tory  control capability. Aerodynamic pr inciples  for pro- 
viding these high l i f t -drag  r a t io s  a t  hypersonic speeds a re  not c lear  a t  pres- 
ent because, i n  contrast  with the  extensive e f fo r t  t h a t  has been applied t o  
blunt shapes f o r  space and m i s s i l e  applications, research results on e f f ic ien t  
hypersonic shapes are scarce. 

As  a help i n  establishing these hypersonic aerodynamic principles an exper- 
imental program i s  being pursued a t  the  Langley Research Center. 
the  i n i t i a l  phase of the  program i s  indicated i n  f igure 1. 

The scope of 
I n  this phase only 

"Some of the  material  presented i n  this report  w a s  or iginal ly  presented a t  
the  AIAA Military Aircraf t  Systems and Technology Meeting a t  Washington, D.C. ,  
September 21-25, 1964. 



simple configurations of the major lifting elements - the body and wing - are 
being treated. The three classes shown cover the configuration spectrum. 
Lifting bodies are of interest because they combine large internal volume with 
small surface area and are structurally compact. Discrete wing-bodies possess 
potentially favorable interference benefits and may have better characteristics 
at landing speeds. Merged wing-bodies tend to combine the features of both 
classes. The drawings shown in figure 1 are not intended to indicate the exact 
models tested but rather to show, in a general way, the variations covered. 
These variations include body longitudinal curvature and cross-sectional shape, 
wing planform and leading-edge position. The models were tested in the posi- 
tion shown and also inverted to determine their optimum attitude. Investiga- 
tions were conducted in the Langley 11-inch hypersonic tunnel at Mach numbers 
of 6.8 and 9.7 in air at stagnation temperatures of 11100 R and 16000 R, 
respectively, and in the Langley 22-inch helium tunnel at a Mach number of 20 
at a stagnation temperature of 540' R. 
from these investigations comprise the substance of this paper. These lift- 
drag ratios have been corrected to the condition where free-stream pressure 
exists on the body base. Reference 1 contains some of the unclassified results 
of this paper; however, portions of the helium data are somewhat different from 
the data presented here. The difference is due to the effects of base pressure 
for which data were not available at the time reference 1 was prepared. 

Maximum lift-drag ratios obtained 

SYMBOIS 

A 

Ab 

AC 

a 

b 

b' 

C 

cP,C 

CP,O 

CP 9 W - B  

C 

Cr 

Ct 

2 

local cross-sectional area of body 

body base area 

local cross-sectional area of cone 

distance from body apex to body-wing intersection 

body width 

semispan of exposed wing 

coefficient in linear viscosity law 

pressure coefficient on cone 

pressure coefficient on cone windward ray 

pressure coefficient at wing-body juncture 

wing chord B 

wing root chord 

wing tip chord 



d wing-leading-edge diameter 

body fineness ra t io ,  L/de 

body height 

length of wing or body 

maximum value of l i f t -drag  r a t i o  

free-stream Mach number 

exponent i n  power-law p ro f i l e  shape 

free-stream pressure 

loca l  pressure 

Reynolds number based on free-stream conditions and L 

base radius of body 

loca l  radius of body 

t o t a l  planform area 

exposed wing area 

wing area covered by body shock 

lateral  surface distance on configuration measured from midline of 
body 

l a t e r a l  surface distance on configuration from midline of body t o  
wing edge 

r a t i o  of wing thickness t o  chord length 

configuration volume 

distance from body apex along longitudinal axis 

location of intersect ion of wing and body-shock measured from body 
i n  spanwise direct ion 

angle of a t tack  

3 



I Ill1 II 1111 II I I I I I  I II1111 I 111111111111 I 1 1 1 1  II I I I I I I  I Ill 111111II I 111 I I IIIII 11111111 II Ill IIIIIIIIIIIIIIIIII 1111111111111111111111111111111111111111111 , 

FB angle of a t tack f o r  (L/D)MAx f o r  flat-bottom configuration a(L/DIMAX’ 

angle of a t tack  for leading-edge shock detachment aSD 

semivertex angle of cone 8, 

A leading-edge sweep angle 

pl meridian angle measured from cone windward ray 

- 
X M3 fi viscous interact ion parameter, - JRL 
Abbreviations : 

FB 

m 
flat-bottom configuration (body mounted above wing) 

f la t - top  configuration (body mounted below wing) 

EFFECTS OF VISCOUS INTERACTION AND REYNOLDS NUMBER ON ( L / D ) ~  

Since the ultimate a t ta inable  l i f t -drag  r a t i o  i s  given by the  two- 
dimensional f l a t  p l a t e  of zero thickness, it i s  appropriate t o  begin by con- 
sidering the  e f fec ts  of viscosi ty  on i t s  performance. I n  Bertram’s work 
(refs .  2 and 3 )  it was assumed t h a t  the  boundary layer  grew i n  the  loca l  
inviscid flow behind the  bow shock. 
viscous e f fec ts  on both l i f t  and drag essent ia l ly  canceled and the  l i f t -drag  
r a t i o  w a s  re la t ive ly  unaffected. 
nearly correct approach i s  t o  consider t he  flow over the  p l a t e  t o  be displaced 
by both the  angle of a t tack  and the  boundary layer.  I n  t h i s  case, viscous 
interact ion i s  found t o  a f fec t  t he  l i f t -drag  r a t i o  significantly.  This i s  
shown i n  f igure 2 by r e su l t s  from a th in  de l t a  wing f o r  a Mach number near 10. 
Shown a re  theore t ica l  and experimental maximum l i f t -d rag  r a t io s  obtained f o r  a 
2.5-percent-thick, 60° sweep de l t a  wing a t  various Reynolds numbers based on 
root chord. 
action i s  readily seen. 

With t h i s  approach it was found tha t  t he  

White, however, (ref. 4)  has shown the  more 

The penalty produced on the  wing l i f t -d rag  r a t i o  by viscous in te r -  

Another point i l l u s t r a t e d  by these r e su l t s  and which i s  important t o  t h i s  
paper i s  the  large var ia t ion i n  l i f t -drag  r a t i o  caused by var ia t ions i n  Reynolds 
number. 
t ions  can therefore only be made a t  constant Reynolds number and similar 
boundary-layer conditions. 
avai lable  a t  a Mach number of 9.7, subsequent r e su l t s  a re  l imited t o  Mach num- 
bers of 6.8 i n  a i r  and 20 i n  helium. 
number of 6.8 a re  shown a t  a Reynolds number (based on length) of about 
1.5 x lo6 
3.5 x lo6. 

Meaningful comparisons of t he  l i f t -drag  r a t io s  of various configura- 

Because constant Reynolds number r e su l t s  were not 

The majority of t he  a i r  data a t  a Mach 

and the  helium data a t  a Mach number of 20, a t  a Reynolds number of 
With these Reynolds numbers, predominantly laminar flow ex i s t s  the  
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f u l l  length of the models. 
s t an t  Reynolds number conditions a t  the two Mach numbers and s t i l l  re ta in  over- 
a l l  laminar-boundary-layer conditions. For t h i s  reason and also because no 
attempt has been made t o  account f o r  air-helium simulation effects,  comparisons 
of the l i f t -drag-rat io  l eve l  a t  the two Mach numbers w i l l  be avoided. 

For these t e s t s  it w a s  not possible t o  obtain con- 

POINTD-BODY RESJUTS 

Figure 3 shows the  maximum l i f t -drag character is t ics  of pointed body 
shapes a t  t he  two Mach numbers. 
eter V2/3/E$ where V i s  t h e  volume and Sp i s  the  t o t a l  planform area. AS 

this parameter decreases, the bodies become more slender. A t  a Mach number of 
6.8 t he  data f o r  half  cones of semivertex angles of 30 t o  loo ( so l id  l i n e  repre- 
sents f l a t  side up and dashed l ine ,  f l a t  side down) indicate  tha t  the f l a t  s ide 
down gives be t t e r  maximum l i f t -drag  r a t io s  a t  the  higher cone angles. A t  lower 
cone angles the  l i f t i n g  efficiency of the  round bottom ( f l a t  s ide up) i s  
great ly  reduced and i t s  (L/D)MAx drops s ignif icant ly  below the  flat-bottom 

version. The data f o r  f u l l  cones indicate  markedly superior character is t ics  
f o r  f u l l  cones a t  high values of the  volume parameter. 
penalized here because of large semivertex angles required t o  obtain high 
values of the  volume parameter. A t  lower values of V2/3/% within the  range 
of investigation, however, t he  f u l l  cones are clear ly  infer ior .  

The basis  of  comparison i s  the  volume param- 

The half  cones are 

The shaded areas i n  the  data fo r  a Wch number of 6.8 represent resu l t s  
obtained from power-law half  bodies and also a half body of a minimum-drag pro- 
f i l e  constrained f o r  volume and length as  proposed by Miele ( r e f .  ?). The 
resul ts ,  which show general agreement with the  half-cone resu l t s ,  indicate  tha t  
longitudinal-curvature e f fec ts  on ( L / D ) ~  a re  small. Results a r e  also shown 

for t r iangular  and square cross-section bodies and half-cone-cylinders. The 
square body and the  flat-bottom cone-cylinder show some improvement i n  
over the  conical bodies. 

( L / D ) m  

A t  a Mach number of 20 i n  helium t h e  flat-bottom half  cone shows marked 
superiority over t h e  f la t - top  half cone. 
the  re la t ive  m e r i t s  of half  and f u l l  cones; however, the  data show qual i ta t ive  
agreement with t h a t  obtained at  a Mach number of 6.8. 

Insuff ic ient  data ex is t  t o  evaluate 

D m A - W I N G  RESuI%cS 

Delta-wing results are presented a t  a Mach number of 6.8 i n  figure 4. 
volume parameter i s  again used as a basis of comparison and, i n  con- 
t ras t  with the  pointed bodies, the  more highly swept t h e  de l ta  wing, t he  higher 
i s  the value of V2/3/E$. 
de l t a  wings with maximum thickness a t  center chord and f o r  unsymmetrical de l t a  

The 

Data are shown f o r  sharp leading-edge, symmetrical 
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wings with the  maximum thickness at  the t r a i l i n g  edge. 
leading-edge sweep angles and, at  constant sweep, the thickness r a t i o  increases 
as V2/3/% increases. For both f l a t - top  and flat-bottom unsymmetrical d e l t a  
wings at  constant V2/3/%, 
sweep and the  flat-bottom configurations generally show the  superior ( L / D ) m .  

Numbers indicate 

(L/D)* tends t o  increase with leading-edge 

The symmetrical-delta-wing resul ts ,  although some data sca t t e r  i s  present, 
a l so  tend t o  show the  increase i n  (L/D)MAx with leading-edge sweep. (See 
ref. 6 f o r  data on sharp leading-edge wings.) 
ness r a t io s  of 2.5 percent and 5 percent. To show the  decrease i n  

due t o  leading-edge blunting, data f o r  the  5-percent-thick symmetrical wing with 
e l l i p t i c a l  leading edges a re  a l so  included. I n  these wings the e l l ipse ,  gener- 
a ted normal t o  the  leading edge, had i t s  m a x i m  thickness on the  wing ridge 
l i n e .  A severe lo s s  i n  ( L / D ) m  occurs a t  lower V2/'/Sp (low sweep) but as 

the  leading-edge drag i s  reduced a t  large sweep angles, the  

a r e  comparable t o  those f o r  sharp-leading-edge w i n g s  of equal V2/3/%. 

The t rend is  evident f o r  thick- 
(L/D)w 

( L / D ) w  values 

The so l id  l i n e s  represent theore t ica l  calculations f o r  wedges having the  
same planform area and aspect r a t i o  as the  d e l t a  wings a t  given values of 
V2i3/Sp. With t h i s  r e s t r a in t  the  Reynolds number (based on length) f o r  t he  
wedges must be half  t h a t  f o r  the  de l t a  wings. The aspect r a t i o  0.707 corre- 
sponds t o  de l t a  wings of 800 sweep whereas the  aspect r a t i o  1.46 corresponds t o  
d e l t a  wings of TO0 sweep. 
The two curves cross a t  low values of the  volume parameter because these t i p  
losses  are more severe at  the lower aspect r a t io .  
M = 6.8 

Linear theory corrections were made f o r  t i p  losses .  

Experimental r e su l t s  a t  
f o r  two-dimensional wedges confirm the  va l id i ty  of these curves. 

Comparisons of t he  data f o r  unsymmetrical de l t a  wings with the  data  f o r  

values equal t o  those f o r  the  more o r  l e s s  idealized wedges having 
two-dimensional wedges generally indicate t h a t  flat-bottom de l t a  w i n g s  provide 
(L/D)= 
t he  same aspect r a t i o  and area as the  de l t a  wings. 

WING-BODY COMBINATIONS 

The d iscre te  wing-body types a re  represented by half-cone-delta-wing 
combinations. 
p rac t i ca l  application wherein favorable interference benefi ts  could be realized. 
(See r e f .  7.) 
t he  superimposed flow f i e l d  produced by the  half  cone mounted beneath the  wing. 
Optimum configurations a r e  then obtained when the  w i n g  sweep coincides with the  
cone shock so t h a t  the  e n t i r e  cone flow f i e l d  i s  ju s t  contained by the  wing. 
Experimental r e su l t s  at Mach numbers near 5 (see re fs .  7 and 8) ver i f ied  the  
soundness of t h e i r  concept. To determine whether favorable interference bene- 
f i t s  are ac tua l ly  being real ized by these so-called " f la t - top  configurations" 

These configurations were proposed by Eggers and Syvertson as a 

I n  t h e i r  scheme the wing received addi t ional  lift by v i r tue  of 
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it is customary t o  compare r e su l t s  with those obtained with the configuration 
i n  the  inverted or  "flat-bottom'' position. 

Latest r e su l t s  on these half-cone-delta-wing combinations a re  shown i n  

Similar models were 
For c l a r i t y  only 

f igure  5 .  For these configurations various cone semivertex angles and w i n g  
leading-edge sweeps of 650 through 810 were considered. 
t e s t ed  at a Mach number of 6.8 i n  air  and of 20 i n  helium. 
the  extremes i n  leading-edge sweep are shown here since they a re  typ ica l  of and 
show the  t rend of the  remaining da ta . l  As V2l3/% increases at  constant 
sweep angle, t he  cone angles change from 3 O  t o  9O.  

The re su l t s  f o r  a Mach number of 6.8 shown at  the  l e f t  of f igure 5 ,  indi- 
cate  a large e f fec t  of w i n g  sweep, the  higher sweeps giving the  higher ( L / D ) w  
at constant volume parameter. Furthermore, the  f la t - top version, which i s  
intended t o  take advantage of favorable interference benefits ,  shows superiority 
only a t  the  higher sweep angles (A = 810). The r e su l t s  f o r  a Mach number of 20 
on the  r igh t  show the  same favorable e f fec t  of leading-edge sweep but show 
superior i ty  of t he  flat-bottom models at  a l l  sweep angles, which indicates t h a t  
no favorable interference e f fec ts  a r e  present. 

From these r e su l t s  it i s  c lear  t h a t  ( L / D ) m  f o r  generic configurations 
i s  not a single function of volume parameter as has been inferred previously i n  
references ll and 12. Also the  r e su l t s  i n  reference 13, which indicate t h a t  an 
essent ia l ly  constant value of could be obtained over a wide range of 
V2/3/Spj w a s  a spec i f ic  case of t he  more generalized r e su l t s  shown i n  f igure 5 .  

( L / D ) m  

These r e su l t s  a r e  compared with exis t ing data from references 8, 14, and 
15 i n  f igure 6. 
as a function of Mach number. 
a re  included. 
the flagged symbols. 

Here the r a t i o  of (L/D)M ( f la t  top t o  f l a t  bottom) i s  shown 
D a t a  f o r  both arrow-wing and delta-wing planforms 

The l a t e s t  data a t  Mach numbers of 6.8 and 20 are  indicated by 

The overal l  t rend of the  data suggests t h a t  favorable interference benefi ts  
diss ipate  with Mach number and tend t o  disappear altogether at  Mach number of 
about 11 and a t  intermediate Mach numbers cer ta in  f la t - top configurations a re  
superior whFle others a re  not. 
represent the  optimum; however, on the  basis  of available information, most of 
them might have been expected, a pr ior i ,  t o  show some evidence of favorable 
interference benefi ts .  

It is  t r u e  t h a t  a l l  these configurations do not 

A s  far as predicting these data  trends with Mach number i s  concerned, t he  
simple l i n e a r  theory ( r e f .  7), on which the or ig ina l  concept w a s  based and i n  
which only the  interference e f fec ts  on l i f t  were considered, yields  a t rend 
opposite t o  t h a t  shown by t h e  data. Several more sophisticated, but approxi- 
mate, theories  f o r  predicting charac te r i s t ics  of f l a t - top  configurations, when 

- - .. - 

komplete r e su l t s  and geometric d e t a i l s  f o r  a= configurations a re  given 
f o r  a Mach number of 6.86 i n  a i r  i n  reference 9, and f o r  a Mach number of 20 i n  
helium i n  reference 10. 
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t he  leading-edge shock is  attached, a r e  available i n  the  l i t e r a t u r e  (see 
r e f s .  12 and 16) and, although they d i f f e r  somewhat i n  detai ls ,  they do y ie ld  
approximately the  same answers. No methods f o r  the  flat-bottom counterparts, 
however, have been proposed since the  complex flow about the body located on 
the  l e e  side of the  wing poses a formidable ana ly t ica l  problem. I n  l i e u  of 
more exact methods, engineering-type calculations have been made f o r  a con- 
f igurat ion with a leading-edge sweep of TO0 and a cone semiapex angle of 7 . 5 O  
i n  helium flow. An out l ine of these calculations i s  given i n  the  appendix. 
The r e su l t s  of these calculations f o r  f la t - top  configurations agree with the  
r e su l t s  of t he  methods given i n  references 12 and 16. The r e su l t s  of these 
calculations a r e  shown by the  so l id  l i n e  i n  f igure 6 and sensibly predict  at  
l e a s t  t he  data trend down t o  a point jus% short of crossover t o  f l a t - top  supe- 
r i o r i t y .  Other calculations were made at  a Mach number of 6.8 over a wide 
range of sweep angles, i n  which leading-edge shock-detachment e f f ec t s  were 
ignored, but similar r e su l t s  showing flat-bottom superior i ty  were invariably 
obtained regardless of t he  sweep angle. These results are, of course, i n  vari-  
ance with the  experimental data and suggest t he  poss ib i l i t y  t ha t  leading-edge 
shock detachment may have a s ignif icant  e f f ec t  on favorable interference 
benefi ts .  

These same data have been recast  i n  a form sui table  f o r  determining the  
e f fec t  of leading-edge shock detachment. ( L / D ) w  
( f la t  top t o  f la t  bottom) i s  shown as a function of the  r a t i o  of angle of a t tack 
f o r  shock detachment t o  the  angle of a t tack f o r  (L/D)m f o r  the  flat-bottom 
configuration. The optimum angle of a t tack f o r  the flat-bottom configuration 
i s  used as the  normalizing term, ra ther  than the corresponding angle of a t tack 
f o r  the  f la t - top  configuration, because it i s  the  meaningful term dictated by 
the  theore t ica l  calculations.  

I n  f igure 7 the r a t i o  of 

The plot  on the  l e f t  i n  figure 7 includes a l l  air  data from f igure 6. From 
purely s t a t i s t i c a l  considerations, the  data support the suspected importance of 
shock detachment. 
due t o  the uncontrolled var ia t ions i n  Mach number, Reynolds number, and volume 
parameter. 
data recently obtained a t  a Mach number of 6.8 are shown i n  the middle p lo t .  
These r e su l t s  show t h a t  favorable interference benefi ts  a r e  generally available 
only when the  leading-edge shock i s  detached and then only i n  a l imited range 
of t he  volume parameter. 
represents optimum configurations, wherein the  wing leading edge and cone shock 
coincide. This l i n e  i s  included t o  show t h a t  even these optimum configurations 
do not y ie ld  favorable interference benefi ts  unless they conform t o  the  r e s t r i c -  
t i o n  of low values of the  volume parameter. I n  contrast  w i t h  th i s ,  t he  data t o  
the  r ight  of the  optimum l i n e  show t h a t  under these r e s t r i c t ions  lower sweep 
angles than optimum can be used and favorable interference benefi ts  s t i l l  be 
obtained. 

"he considerable dispersion i n  the  data i s  believed t o  be 

To eliminate var ia t ions i n  Mach number and Reynolds number, the  

The dashed l i n e  i n  the  data f o r  a Mach number of 6.8 

The physical reasons behind t h i s  behavior l i e  i n  the f ac t  t ha t  with 
leading-edge shock detachment., high pressures from the  lower w i n g  surface can 
bleed around and increase the wing lee-side pressures which i n  turn  cause a 
decrease i n  the  slope of wing normal force with angle of a t tack.  
configurations a r e  superior under these conditions since the  interference 

The f l a t - top  

8 
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e f fec t s  cause t h e i r  maximum l i f t -drag  r a t io s  t o  occur a t  a much lower angle of 
a t tack than t h e i r  flat-bottom counterparts and they are therefore penalized t o  
a l e s s e r  extent by the  reduced normal-force slope. 

These shock-detachment and low-volume-parameter c r i t e r i a  d i c t a t e  t h a t  wings 
with higher leading-edge sweep angles and cones with higher fineness r a t io s  a re  
necessary t o  achieve favorable interference benefi ts  at  higher Mach numbers. 
A t  the  extreme Mach numbers, however, t he  extreme sweep angles required may 
preclude the  poss ib i l i t y  of favorable interference benefi ts .  
t h i s  may be indicated by the  group of data (A = 810) f o r  a Mach number of 20 a t  
t h e  r igh t  i n  f igure 7, which i s  seemingly at  variance with the previous resu l t s .  
The reasons f o r  t h i s  behavior may be the  reduced l i f t ing effectiveness of 
extreme leading-edge sweep o r  large viscous effects;  however, more study w i l l  
be required before t h i s  resu l t  i s  understood. 

Some evidence of 

The e f f ec t s  of extreme leading-edge sweep a re  shown i n  f igure 8 a t  a Mach 
number of 6.8. 
cone-wing combination i s  shown as a function of leading-edge sweep angle. The 
superior i ty  of t he  f l a t - top  configuration at and near optimum sweep angles i s  
clear ly  shown. A t  extreme sweep angles, however, t he  wing l i f t i n g  efficiency 
decreases and i s  accompanied by high f'uselage drag so t h a t  the flat-bottom ver- 
sion again becomes superior. 

The r a t i o  of ( L / D ) ~  ( f la t  top t o  f la t  bottom) f o r  a 5O half-  

Some d e t a i l s  of the flow about these configurations over a large Mach num- 
be r  range a re  shown i n  f igure 9. 
formations about these f la t - top  half-cone-delta-wing combinations a re  indi- 
cated by experimental data at  Mach numbers of about 5 and 8 taken from refer- 
ences 14 and 15. 
multiple shock system i s  formed. This multiple shock formation, however, coa- 
lesces  t o  a single shock at  the  angle of a t tack f o r  leading-edge shock 
detachment. 

To the  l e f t  i n  the  f igure two possible shock 

A t  angles of a t tack below leading-edge shock detachment a 

Pressure d is t r ibu t ions  over a hypersonically similar configuration i n  
helium flow at  a Mach number of 20 are  shown at  the  r igh t  i n  f igure 9. Pres- 
sure r e su l t s  were obtained only on the  side of the  wing which contained the 
cone. The curves f o r  a = -4.30 i n  the  upper p lo t  i n  the figure,  therefore, 
represent t he  f l a t - top  configuration with the  half  cone windward and those fo r  
a = 7 O  

cone leeward. I n  each instance curves a re  shown f o r  t he  half  cone alone, wing 
alone, and wing-body combination f o r  comparison purposes. 
chosen are those at  which the  respective configurations a t t a i n  t h e i r  maximum 
l i f t -drag  r a t io .  

i n  the  lower p lo t  represent the  flat-bottom configuration with the  half  

The angles of a t tack 

The curves f o r  a = -4.50, at which the  leading-edge shock i s  s t i l l  
attached, from inviscid considerations, show no evidence of a multiple shock 
formation under the  f la t - top configuration. 
t h e  high value of t he  viscous interact ion parameter = 2 of these t e s t s  t he  
th ick  boundary layer  may a l t e r  t he  pressure-generating surface from the intended 
shape t o  such an extent t h a t  the  configuration geometric variables have l o s t  
much of t h e i r  significance. Correlations based' on geometric properties may, 
therefore, not be meaningful a t  the  extreme Mach numbers where v iscos i ty  can 

The reason f o r  t h i s  may be t h a t  at  
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have a major influence, and applications of t he  hypersonic s imi la r i ty  l a w s  may 
be grossly invalid.  

The r e su l t s  shown i n  the  lower r ight  p lo t  i n  f igure 9 indicate t h a t  the  

The reasons f o r  t h i s  increase a re  not 
presence of t he  body induces large increases i n  lee-side wing pressures f o r  the  
flat-bottom configuration at  
c lear .  Although the  leading-edge shock i s  s t i l l  attached, from inviscid con- 
siderations, recent unpublished experiments on t h i n  de l t a  wings indicate t h a t  
viscous interact ion e f f ec t s  can cause premature leading-edge shock detachment. 
Shock detachment may a l so  be advanced by the viscous f i e l d  about t he  cone so 
t h a t  t he  increase i n  pressures could resu l t  from excessive bleed from the high- 
pressure undersurface. Additional work, however, i s  necessary t o  understand 
t h i s  resu l t .  

a = 7'. 

COMPARISON OF CONFIGURATION CLASSES 

The performance of the  three configuration classes i s  compared i n  f ig-  
ure  10 f o r  a Mach number of 6.8. The maximum l i f t -d rag  r a t i o  i s  again shown 
as a function of the  volume parameter. 
r a t io s  obtained from 3/4-power bodies, half  cones, and rectangular and de l t a  
wings which represent merged wing-bodies. Discrete wing-body types a re  repre- 
sented by the  data points f o r  half-cone-delta-wing combinations. 
a re  again the f la t - top  or ientat ion and so l id  symbols, t he  flat-bottom orienta- 
t ion.  A t  high values of t he  volume parameter, wings a r e  c lear ly  unnecessary 
since the best  maximum l i f t -drag  r a t i o s  a re  given by the  flat-bottom half  

bodies. A t  lower values of V2/ySp, the  flat-bottom half-cone-delta-wing 
combinations give r e su l t s  similar t o  those f o r  the  delta-wing types so t h a t  
from these preliminary r e su l t s  there  seems t o  be no s ignif icant  advantage from 
wing-body merging. The bes t  l i f t -drag  r a t io s  i n  t h i s  low-volume-parameter 
range at a Mach number of 6.8 a re  given by those f la t - top,  half-cone-delta- 
wing combinations which exploit  the  benefi ts  of favorable interference.  

The curves represent the  best  l i f t -drag  

open symbols 

E;FFECTS O F  GEOMETRIC VARIATIONS I N  WING-BODY CONFIGURATION 

The question now a r i se s  as t o  whether t he  performance of these more o r  
l e s s  idealized half-cone-delta-wing configurations w i l l  be improved o r  degraded 
when t h e i r  ident i ty  i s  a l t e r ed  t o  provide features  which a re  more prac t ica l  f o r  
ac tua l  applications.  
remaining f igures  ( f i g s .  11 t o  16) show the  e f f ec t s  of varying the  shapes of 
e i the r  the  body or  the  w i n g  on the wing-body character is t ics .  
f o r  a Mach number of 6.8. 

To attempt t o  answer t h i s  i n  a preliminary way the  

The r e su l t s  a re  

The problem of providing b e t t e r  volume d is t r ibu t ion  than t h a t  afforded 
by a cone are examined i n  f igure 11. The ( L / D ) u  character is t ics  of power- 
l a w  half-body-delta-wing combinations a re  shown as a function of the power n. 
Also included are  r e su l t s  f o r  half  of a Miele (ref. 5 )  minimum-drag body f o r  a 

10 



specified volume and length. D a t a  are shown f o r  leading-edge sweep angles of 
750 and 810 and f o r  two values of t he  volume parameter. 
peak i n  the  f la t - top  performance near t he  3/4 power; however, a b e t t e r  volume 
d is t r ibu t ion  than t h i s  body provides may s t i l l  be wanted. The Miele body-wing 
arrangement has improved volume distribution, as indicated by the  longitudinal 
cross-sectional area dis t r ibut ions compared with t h a t  f o r  a cone A/Ac, i n  t h e  
in se r t  p lo t  a t  the  right of the  figure, and provides performance equal t o  t h a t  
of t he  3/4-power body. Similar results a re  seen f o r  both values of t he  volume 
parameter. 

The data indicate  a 

The ef fec t  of var ia t ions i n  body cross-sectional shape are considered next. 
Results from wing-body combinations with a l l  t he  bodies having t h e  same conical 
area d is t r ibu t ion  are presented i n  f igure 1 2  i n  bar-graph form. The basic  cone 
had a half-angle of 7.010. For reference, t h e  cone values have been indicated 
i n  each bar. 
over t he  cone values are possible but i n  these cases the  improvements a re  
generally s m a l l .  

The r e su l t s  generally indicate t h a t  improvements i n  ( L / D ) m  

Another commonly considered modification t o  basic  configurations i s  clip- 
I n  f ig-  

( L / D ) w  f o r  a delta- 
ping the  t i p s  of t he  wings t o  provide regions f o r  mounting t i p  f in s .  
ure 13 the  e f fec t  of var ia t ions i n  taper  r a t i o  on the  
and an arrow-planform configuration i s  shown. 
displaced from the  wing by a lo w e d g e .  
amount of w i n g  t i p  can be removed without undue penalty i n  

The body i s  a 5 O  half-angle cone 
The r e su l t s  indicate tha t  a s ignif icant  

( L / D ) w .  

Some ef fec ts  of departure from the  optimum combination of wing and body 
were previously shown i n  f igure 8. An approach such as th i s ,  however, does not 
include planform-shape changes such as wing-tip clipping and changes t o  arrow 
planform. Based on reasoning which led  t o  the  proposal of the f la t - top  con- 
f igurat ion as a means f o r  increasing aerodynamic efficiency the  area covered 
by the  body shock compared with exposed wing area would appear t o  be one of t he  
log ica l  parameters f o r  assessing these configurations. Values of ( L / D ) m  
from half-cone-delta- and arrow-wing combinations of various sweep and t i p  
clipping a re  shown i n  f igure 14 as a function of t h e  r a t i o  of t he  wing area 
covered by the  body shock within configuration l i m i t s  E+,,s 
exposed w i n g  &. 
volume parameter and indicate  t h a t  t he  large penal t ies  i n  
i f  t he  values of E+,,s/& differ s ign i f icant ly  from 1. 

t o  t h e  area of the  

( L / D ) w  can r e su l t  
The r e su l t s  appear t o  correlate  f o r  constant values of t he  

An assessment of t he  e f fec t  of various posit ions of the  wing on the  body 
has been m a d e  with the  w i n g  t r a i l i n g  edge and body base coinciding, and t h e  
results are presented i n  f igure 15. It should be noted t h a t  the  Reynolds num- 
be r  f o r  t h i s  data i s  3.8 x 106. Values of ( L / D ) w  f o r  a fineness-ratio-10.4 

Miele minimum drag half body with various wings are shown as a function of a/L 
where 
Curves f o r  constant V2/3/E5, (constant exposed wing area) are f a i r ed  through 

the  data and as a/L increases a t  constant V2l3/Sp, t h e  w i n g  sweep decreases. 

a i s  the  distance from the  body apex t o  the  body-wing intersect ion.  
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The open symbols a re  again f la t - top  configuration and the  sol id  symbols, f lat-  
bottom configuration. 

The configuration employing a curved leading-edge wing formed t o  the shock 
shape produced by the body ( the theoret ical ly  optimum conditions f o r  favorable 
interference) gave an 
duced by a configuration employing a s t ra ight  wing of about 780 sweep which had 
the  same planform area. 
curved bodies i s  thus seen t o  be of secondary importance, at  l ea s t  f o r  reason- 
ably s m a l l  leading-edge diameters. 

(L/D)= value which is  almost the  same as tha t  pro- 

The necessity f o r  exactly matching the  shock from 

The resu l t s  i n  figure 15 a lso  indicate tha t  as the wing leading edge i s  
moved rearward, such as i s  found i n  many present conceptual studies, significant 
penalt ies i n  ( L / D ) w  can be incurred. In fact ,  the  flat-bottom body alone 
yields equal o r  be t t e r  
with stub wings. 

( L / D ) w  values than a wide range of configurations 

Even when the wing leading edge i s  moved rearward f romthe  body apex, 
benefits  of favorable interference a re  s t i l l  apparent; these benefits  do, how- 
ever, decrease with rearward movement of the wing. 
note tha t  the  e f fec ts  of leading-edge shock detachment are. s t i l l  evident regard- 

It i s  also interest ing t o  

l e s s  of the wing leading-edge position; for  i n  each V2l3/5$ group the 

(L/D)w values f o r  the f la t - top and the  flat-bottom col;figurations approach 
one another as the leading-edge sweep decreases. 

Most of the  models used i n  these investigations had relat ively s m a l l  wing 
leading-edge diameters of about 0.010 in., which resulted i n  values of 
ranging from 0.0008 t o  0.002. 
diameters may be required t o  reduce loca l  heating. 
increasing w i n g  leading-edge diameter on ( L / D ) w  
a 1/2-power half-body-delta-wing combination at a Mach number of 6.8. 
Newtonian theory corrections f o r  leading-edge drag are seen t o  be generally 
optimistic. 
20 on slab wing configurations. 

d/L 
I n  actual  vehicles, however, larger  leading-edge 

The detrimental effect  of 
i s  shown i n  figure 16 f o r  

Simple 

Similar resu l t s  were also obtained i n  helium at  a Mach number of 

CONCLUDING REMARKS 

Results from t e s t s  of simple body, wing, and wing-body combinations have 

A great deal of work needs t o  be done 
indicated some of the factors  t ha t  contribute t o  the attainment of high maximum 
l i f t -drag ra t ios  at  hypersonic speeds. 
i n  order t o  understand the viscous e f fec ts  produced at  the higher Mach numbers. 
Furthermore, since preliminary t e s t s  at  high Mach number indicate tha t  leeward 
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surfaces can significantly affect the maxim-lift-drag-ratio characteristics 
of configurations, serious attention must be focused on defining the flow fields 
existing in this region. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April 6, 1965. 



APPENDIX 

THEORETICAL CALCULATIONS FOR HALF-CONE-DELTA-WING COMBINATIONS 

The ground rules used f o r  the ( L / D ) m  calculations i n  figure 6 are: 

1. Uniform two-dimensional pressure ac ts  on the f la t  side of the  wing 
(i.e.,  the  side from which the  half cone i s  absent), whether t ha t  side i s  a 
compression or  an expansion surface. 

2. On the half-cone side: 

( a )  The half cone always forms i t s  own shock whether i n  the presence 
of the  w i n g  shock (compression side) or  on the  expansion side of the wing. 

(b)  The pressure and loca l  flow direction on the wing surface between 
the leading edge and the half'-cone shock are  determined by the component 
of flow i n  an analysis noma1 t o  the leading edge on both the compression 
and the expansion sides. 

( c )  Half-cone shock posit ion on the wing and pressures on the wing a t  
the wing-body and wing-shock junctures are  determined with the  half cone 
i n  loca l  flow on the wing surface as found from paragraph (b)  . 
t i v e  cone angle varies with the  loca l  flow direction on the  wing surface.) 

(The effec- 

(a) Pressure on the wing varies l inear ly  between the  wing-body and 
the wing-shock juncture. 

( e )  Pressure on the  half cone 90' from the wing-body juncture 
i s  determined by the effective cone angle (i.e.,  a + Bc or a - Bc, 
whichever i s  appropriate) i n  free-stream flow uninfluenced by the w i n g .  

( f )  Pressure on the half  cone varies l a t e ra l ly  according t o  the 
equation 
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Figure 1.- Scope of program to develop high-lifi-drag-ratio design principles. 
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