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MAXIMUM LIFT-DRAG RATIOS OF DELTA-WING--KAZ;F-CONE 

COMBINATIONS AT A MACH NUMBER OF 20 I N  HELIUM 

By Pa t r i ck  J. Johnston, C u r t i s  D. Snyder, 
and Robert D. Witcof s k i  
Langley Research Center 

SUMMARY 

Maximum l i f t - d r a g  r a t i o s  of a family of  delta-wing-half-cone combinations 
Reynolds 
The 

have been determined experimentally a t  a Mach number of 20 i n  helium. 
numbers based on o v e r a l l  l ength  var ied  from 2.75 x 106 t o  4.35 x lo6. 
semiapex angles  of t h e  d e l t a  wing ranged from 9' t o  25' and t h e  apex angles  of 
t h e  half-cone body ranged from 3' t o  9 O .  
with the bodies  s i t u a t e d  both above and beneath the  wing. 

Performance measurements were made 

The r e s u l t s  showed t h a t  f o r  a given wing-fuselage combination t h e  perform- 
ance of t h e  f la t -bot tom configurat ion was always super ior  t o  t h a t  of t h e  same 
configurat ion inver ted .  Increasing t h e  half-cone angle  invar iab ly  r e su l t ed  i n  
a d e t e r i o r a t i o n  i n  performance of f l a t - t o p  configurat ions of f ixed  wing geom- 
e t r y .  
panied by a reduct ion i n  maximum l i f t - d r a g  r a t i o s  f o r  t he  more s lender  wings; 
however, l i t t l e  o r  no reduction i n  performance occurred f o r  t h e  wings with 20° 
and 25' semiapex angles .  For a given cone the  most s i g n i f i c a n t  ga ins  i n  per- 
formance occurred when t h e  wing semiapex angle j u s t  exceeded t h e  half-cone 
angle .  The performance data  of t h i s  inves t iga t ion  could be  cor re la ted  on the  
b a s i s  of parameters suggested by l i nea r i zed  supersonic theory  desp i t e  t h e  f a c t  
t h a t  t h e  Mach number was f a r  beyond that fo r  which l i n e a r  theory  i s  expected 
t o  apply. 

For f la t -bot tom configurat ions an increase i n  half-cone angle was accom- 

INTRODUCTION 

I n  c o n t r a s t  t o  t h e  extensive research e f f o r t  devoted t o  determining t h e  
performance of a mult i tude of configurat ions having r e l a t i v e l y  low hypersonic 
l i f t - d r a g  r a t i o s ,  t h e  e f f o r t s  devoted i n  recent years  t o  t h e  systematic inves- 
t i g a t i o n  of t hose  shapes capable of high l i f t - d r a g  r a t i o s  have been meager. 
Much of what i s  p resen t ly  known about t he  s t a t e  of t h e  a r t  concerning config- 
u r a t i o n s  developing high l i f t - d r a g  r a t i o s  a t  Mach numbers up t o  10 i s  sum- 
marized i n  re ferences  1 and 2. A more recent examination of problems con- 
cerning t h e  aerodynamics of hypersonic c ru ise  and boost veh ic l e s  i s  given i n  
re ference  3. Addit ional  information on t h e  e f f e c t s  of c e r t a i n  geometrical  v a r i -  
a t i o n s  on maximum l i f t - d r a g  r a t i o s  may be gleaned from an  experimental i n v e s t i -  
ga t ion  conducted a t  a Mach number of 8 and reported i n  reference 4. With but  
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few exceptions,  a l l  t h e  da ta  obtained i n  references 1 t o  4 were l imi ted  t o  Mach 
numbers l e s s  than 10 inasmuch as wind-tunnel f a c i l i t i e s  capable of generat ing 
flow a t  higher Mach numbers were not ava i l ab le  u n t i l  recent ly .  

The experimental da t a  obtained i n  t he  inves t iga t ions  previously noted sug- 
ges t  t h a t  t he  advantages of u t i l i z i n g  favorable  l i f t  i n t e r f e rence  t o  increase  
maximum l i f t - d r a g  r a t i o s  of winged vehic les  might disappear a t  Mach numbers on 
t h e  order  o f  10 and t h a t  beyond t h i s  Mach number, t h e  f l a t - t o p  o r i en ta t ion  
(body s i tua ted  beneath t h e  wing) and t h e  f la t -bot tom o r i en ta t ion  (body above 
t h e  wing) w i l l  r e s u l t  i n  e s s e n t i a l l y  equal  maximum l i f t - d r a g  r a t i o s .  
ance est imat ions such a s  those  employed i n  reference 1 pred ic t  t h e  proper magni- 
tude of the maximum l i f t - d r a g  r a t i o  but  do not p red ic t  t h e  e f f e c t s  of body 
o r i en ta t ion  on t h e  maximum l i f t - d r a g  r a t i o .  Further ,  when these  performance 
es t imates  were ca r r i ed  out a t  Mach numbers up t o  17 t h e  r e s u l t s  ind ica ted  
equivalent  maximum l i f t - d r a g  r a t i o s  f o r  both f l a t - t o p  and f la t -bot tom configu- 
r a t i o n s .  Thus, uncer ta in ty  s t i l l  e x i s t s  a s  t o  whether t h e  favorable  l i f t  
in te r fe rence  e f f e c t s  suggested i n  reference 5 w i l l  occur wel l  i n t o  t h e  hyper- 
sonic  Mach number regime o r  whether t h i s  i n t e r f e rence  scheme tends  t o  diminish 
as  Mach number increases .  

Perform- 

With these  unce r t a in t i e s  i n  mind, t he re fo re ,  t h e  present  i nves t iga t ion  was 
undertaken t o  determine t h e  performance of a family of delta-wing-half-cone 
combinations i n  order  t o  a s c e r t a i n  whether favorable  l i f t  i n t e r f e rence  e x i s t s  
a t  Mach numbers i n  t h e  neighborhood of 20. The inves t iga t ion  was conducted i n  
t h e  Langley 22-inch helium tunnel .  The semiapex angles  of t h e  wing var ied  from 
9’ t o  25”, and  t h e  apex angles  of t h e  r i g h t - c i r c u l a r  half-cone body varied 
from 3’ t o  9O. The angles  of a t t a c k  ranged from -15’ t o  1 5 O  so a s  t o  encompass 
t h e  angle a t  which the  maximum l i f t - d r a g  r a t i o  occurs f o r  configurat ions with 
t h e  body s i tua t ed  both above and beneath t h e  wing. Resul ts  were a l s o  obtained 
on t h e  half-cone bodies a lone.  The Reynolds numbers based on t h e  o v e r a l l  
l ength  ranged from 2.75 x lo6 t o  4.35 x 106. 

SYMBOLS 

b span, i n .  

Drag drag coe f f i c i en t ,  - 
q s  CD 

0 cD,o drag coe f f i c i en t  a t  a = 0 

L i f t  l i f t  c o e f f i c i e n t ,  - 
qs CL 

CL, opt  optimum l i f t  c o e f f i c i e n t ,  CL a t  ( L / D ) ~ ~ ~  

l i f t - c u r v e  s lope,  s, per  deg 
‘La d a  
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root  chord, i n .  

l i f t - d r a g  r a t i o  

maximum l i f t - d r a g  r a t i o  

Mach number 

s tagnat ion pressure ,  p s ig  

dynamic pressure,  p s i a  

Reynolds number based on ove ra l l  l ength  

planform a rea ,  sq i n .  

wing th ickness ,  i n .  

wing leading-edge th ickness ,  i n .  

t o t a l  volume of configurat ion,  cu i n .  

angle of a t t ack ,  deg 

optimum angle of a t t a c k ,  u a t  (L/D)max, deg 

semiapex angle of wing, deg 

apex angle  of half-cone body, deg 

CONFIGURATIONS 

A sketch of a r ep resen ta t ive  model of the present  i nves t iga t ion  i s  shown 
i n  f i g u r e  1 along with a t a b l e  l i s t i n g  t h e  important phys ica l  dimensions of 
t h e  wings. 
half-cone bodies  a t tached  t o  t h e  f l a t  s ide  of d e l t a  wings. 
t he  half-cone body were 3 O ,  4O, 5 O ,  7 . 5 O ,  and g o ,  and t h e  semiapex angles  of 
t h e  wing were 9 O ,  l?O, 20°, and 2 3 O .  The wing sur face  opposi te  t h e  body was 
fab r i ca t ed  wi th  a 1' bevel  i n  planes p a r a l l e l  t o  t he  plane of symmetry. The 
wing leading  edges were square. 

A s  ind ica ted  i n  t h e  sketch, t h e  models consis ted of r i g h t - c i r c u l a r  
The apex angles  of 

The small  v a r i a t i o n s  i n  t h e  r a t i o s  of wing th ickness  t o  root chord and of 
leading-edge th i ckness  t o  root chord shown i n  t h e  t a b l e  of f i g u r e  1 r e s u l t e d  
from t h e  f a c t  t h a t  t h e  models of t he  present  i nves t iga t ion  were scaled up from 
s imi l a r  models designed f o r  a smaller wind tunnel i n  which t h e  wing th ickness  
and leading-edge th ickness  were a r b i t r a r i l y  chosen t o  be 1/16 inch and 
0.010 inch, r e spec t ive ly ,  f o r  a l l  wings. Further ,  the  sca l e  f a c t o r s  f o r  a 
given wing could not be he ld  f ixed  f o r  t h e  present models. (Note, f o r  example, 

3 



c 

t h a t  t h e  wings having a go semiapex angle had root  chords varying from 12.30 
t o  21.00 inches.)  
among several  f a c t o r s ,  t h e  most important of which a r e  as  follows: 
wings with l a r g e r  semiapex angles,  t h e  span (and, hence, t h e  root  chord) W ~ S  

l imi t ed  t o  i n su re  that  t h e  wing t i p s  would not protrude i n t o  the  tunnel-wall 
boundary layer .  (2)  I n  those cases  where t h e  apex angle of t h e  half-cone body 
was small  ( 3 O  and 4O), t h e  o v e r a l l  l eng th  was determined by the  diameter of t he  
cav i ty  i n  the  model required f o r  t he  strain-gage balance and i t s  loca t ion  
i n s i d e  the  half-cone body. 
based upon considerat ions of the maximum load capaci ty  of t h e  s t ra in-gsge b a l -  
ance and tunnel s tagnat ion pressures  a t  which a c a l i b r a t i o n  of t he  flow i n  t h e  
t e s t  section was ava i l ab le .  

This v a r i a t i o n  i n  l eng th  w a s  brought about by a compramise 
(1) For t h e  

(3) The remahing compromise as t o  model  s i z e  was 

APPARATUS AND TESTS 

The inves t iga t ion  w a s  ca r r i ed  out i n  t h e  Langley 22-inch helium tunnel .  A 
contoured, axisymmetric nozzle was employed i n  the  tes ts .  
designed t o  generate a uniform flow a t  a Mach number of 22; c a l i b r a t i o n s  of t h e  
t e s t - sec t ion  flow, however, have indicated a dependence of nominal stream Mach 
number on s tagnat ion pressure a s  indicated i n  the  following t a b l e :  

This nozzle was 

Other d e t a i l s  concerning t h e  operat ing c a p a b i l i t y  of t h i s  f a c i l i t y  may be 
found i n  reference 6; c a l i b r a t i o n s  of t h e  flow i n  t h e  t e s t  region are a v a i l a b l e  
i n  reference 7. 

The angles of  a t t a c k  of t h e  models were referenced t o  the  f l a t  surface of 
t h e  wings f o r  t h e  wing-body combinations and t o  t h e  f l a t  surface of t h e  ha l f -  
cone bodies f o r  the  isolated-body t e s t s .  The p i t c h  a t t i t u d e  of t h e  models was 
measured by an o p t i c a l  system and automatical ly  recorded. The system consis ted 
of a s m a l l  lens-prism assembly mounted i n  t h e  body, a po in t  source of l i g h t  
positioned ou t s ide  t h e  t e s t - s e c t i o n  window, and a p l a t e  t o  which p h o t c e l e c t r i c  
c e l l s  were attached a t  c a l i b r a t e d  i n t e r v a l s .  A s  the  l i g h t  beam re f l ec t ed  by 
t h e  prism passed each photocel l ,  an e l e c t r i c a l  r e l a y  was energized and caused 
a high-speed analog t o  d i g i t a l  da ta  recording system t o  sample and record t h e  
strain-gage-balance outputs  on magnetic t ape .  During t h e  course of each t e s t ,  
t h e  outputs of t h e  strain-gage balance were sampled twice a t  each photocel l :  
once when t h e  model was being pitched i n  t h e  p o s i t i v e  sense and again when t h e  
model was being pitched negat ively.  Although t h i s  technique allowed t h e  model 
t o  be pitched continuously ( thus ,  shortening t h e  t e s t  du ra t ion  and subsequent 
pump-up time between t e s t s ) ,  i t s  accuracy i n  angle of a t t a c k  i s  l imi t ed  and 
var ied from t e s t  t o  t e s t  depending on the  arrangement of t h e  o p t i c a l  system. 
These unce r t a in t i e s  made i t  d i f f i c u l t  t o  determine aopt with any degree of 
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prec is ion;  however, (L/D)max could be determined s a t i s f a c t o r i l y  from drag 
polars .  
po la r s  are employed, t h e  s c a t t e r  i n  
t h e  photoce l l s  i s  s u b s t a n t i a l l y  reduced. 

Experience with t h i s  data-acquis i t ion system has shown t h a t  when drag 
due t o  unce r t a in t i e s  caused by (L/D),, 

A l l  t e s t s  were conducted a t  t h e  nominal s tagnat ion pressures  l i s t ed  i n  t h e  
previous t a b l e .  Stagnation temperatures were near ambient a t  t h e  beginning of 
each tes t  but  decreased about 20° F during the  t es t  as a r e s u l t  of t h e  f a l l i n g  
r e se rvo i r  pressure.  The Reynolds numbers based on model length corresponding 
t o  t h e  aforementioned temperatures and pressures  a r e  l i s t ed  i n  t a b l e  I .  

Separate  tes ts  were made t o  measure the  base pressure f o r  t h e  purpose of 
ad jus t ing  t h e  ax ia l - force  da t a  t o  a condition where free-stream pressure a c t s  
over t h e  base of t h e  half-cone bodies.  For these  pressure  measurements a 
d i f f e ren t i a l -p re s su re  t ransducer  was employed. Thin-wall, 0.090-outside- 
diameter tubing was taped t o  t h e  model support s t i n g  and extended from t h e  
model base region t o  t h e  sensing s ide  of the t ransducer  loca ted  outs ide  t h e  
s t r u t  sec t ion  of t h e  tunnel .  A pressure of l e s s  than 10 microns of mercury w a s  
maintained on t h e  reference s ide  of t h e  t ransducer .  The model was held a t  a 
f ixed  angle of a t t a c k  f o r  each t e s t  u n t i l  the  pressure  sensed by t h e  t ransducer  
reached equi l ibr ium. For these  measurements the output of t h e  t ransducer  w a s  
recorded on osc i l lograph  paper and t h e  pressure usua l ly  s t a b i l i z e d  after about 
10 t o  12 seconds. Care was taken t o  outgas the  tub ing  on t h e  sensing s ide  of 
t h e  t ransducer  between t e s t s .  

RESULTS AND DISCUSSION 

Ef fec t  of Body Size on Maximum Lift-Drag Rat io  

The maximum l i f t - d r a g  r a t i o s  obtained a t  Mach numbers on t h e  order  of 20 
f o r  t h e  fou r  wings inves t iga t ed  are presented i n  f i g u r e  2, a s  a funct ion of t h e  
apex angle  of t h e  half-cone body. 

I n  order  t o  provide an end point  on t h e  ord ina te  and t o  a i d  i n  f a i r i n g  
representa t ive  curves through t h e  da ta ,  the maximum l i f t - d r a g  r a t i o s  of f l a t -  
p l a t e  delta w i n g s  were computed by employing two-dimensional shock-expansion 
theory  over t h e  wings and assuming t h e  exis tence of laminar boundary l a y e r s  
wi th  ad iaba t i c  w a l l  condi t ions.  Boundary-layer displacement e f f e c t s  on t h e  
sk in  f r i c t i o n  were accounted f o r  by t h e  method ou t l ined  i n  appendix C of refer- 
ence 8. The pressure  drag due t o  values  of t z e / c r  of 0.0010, 0.0013, 0.0015, 
and 0.0018 (see t a b l e  i n  f i g .  1) f o r  t h e  wing semiapex angles  of 9 O ,  15O, 20°, 
and 2 5 O ,  r e spec t ive ly ,  was a l s o  included. 
f i g u r e  2, t h e  ca l cu la t ions  appeared t o  give reasonable pred ic t ions  of t h e  max- 
i m u m  l i f t - d r a g  r a t i o s  f o r  t h e  i so l a t ed  wings; however, t hese  ca lcu la ted  values  
represent  i dea l i zed  upper l i m i t s  s ince,  p a r t i c u l a r l y  i n  r e l a t i o n  t o  t h e  exper- 
imental  da t a  f o r  t h e  f la t -bot tom configuration, t h e  e f f e c t  of t h e  1' streamwise 
wedge angle of t h e  wing w a s  neglected.  It may a l s o  be of i n t e r e s t  t o  note  t h a t  

According t o  t h e  ex t rapola t ions  of 
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t h e s e  calculat ions predicted a maximum l i f t - d r a g  r a t i o  of about 5.9 f o r  zero- 
thickness  d e l t a  wings f o r  t h e  conditions shown i n  f i g u r e  2, t h a t  i s ,  a Mach 
number of 20 and a Reynolds number, based on t h e  o v e r a l l  l ength ,  of 3.5 x lo6. 

As indicated i n  t a b l e  I and explained i n  a previous sec t ion ,  t h e  experi-  
mental r e s u l t s  were obtained a t  s eve ra l  values of Reynolds number. For presen- 
t a t i o n  i n  f i g u r e  2, these da t a  have been adjusted t o  a common Reynolds number 
of 3.5 X 106 by a method t o  be discussed i n  a following sec t ion .  

The data  shown i n  f i g u r e  2 i n d i c a t e  t h a t  a t  Mach numbers on t h e  order  of 
20, favorable l i f t  i n t e r f e rence  does not  ex is t  on t h e  f l a t - t o p  configurat ions 
and t h e  flat-bottom configuration provides a higher (L/D)max than i t s  

inverted counterpart .  
body always resul ted i n  a d e t e r i o r a t i o n  i n  t h e  performance of both the  f l a t - t o p  
and flat-bottom configurat ions.  When the fuselage was s i t u a t e d  above the wing, 
t h e  e f f e c t  c f  body s i z e  on maximum l i f t - d r a g  r a t i o  diminished with increasing 
wing semiapex angle such t h a t  (L/D)max of the E = 25' wing was only s l i g h t l y  
a f f ec t ed ,  a t  l e a s t  within t h e  range of half-cone angles  inves t iga t ed .  The 
r e l a t i v e l y  l a rge  d e t e r i o r a t i o n  i n  performance of t h e  flat-bottom configurat ions 
with body s i z e  f o r  t h e  more slender wings i n  c o n t r a s t  t o  t h e  small o r  neg l ig ib l e  
reduction f o r  t h e  20' and 25' wings i s  i n t e r p r e t e d  a s  an  ind ica t ion  of t h e  
degree of body shielding afforded by t h e  wings. 

I n  addi t ion,  increasing t h e  apex angle of t h e  half-cone 

The experimental da t a  obtained on configurat ions incorporat ing a 5' h a l f -  
cone body and wings having semiapex angles of 20' and 2'5' indicated t h a t  the  
body o r i en ta t ion  had no apparent e f f e c t  on 

due, however, t o  t he  extremely small a x i a l  f o r c e s  a c t i n g  on these  p a r t i c u l a r  
models and r e f l e c t s  t h e  accuracy t o  which these  fo rces  could be measured. 

(L/D)max. This  anomaly i s  believed 

Ef fec t  of Wing Semiapex Angle on (L/D)max 

The e f f e c t  of increasing t h e  wing semiapex angle on (L/D)max of config- 
u ra t ions  having a f ixed  half-cone body i s  shown i n  f i g u r e  3. Unlike the da ta  
given i n  f i g u r e  2, t h e  da t a  of f i gu re  3 have not been ad jus t ed  t o  one Reynolds 
number; t h i s  does not obscure t h e  f a c t  t h a t  t he  s i g n i f i c a n t  gains  i n  perform- 
ance over 
of t h e  wing j u s t  exceeds t h e  apex angle  of t he  half-cone body. 
increases  i n  wing semiapex angles  y i e l d  l i t t l e  o r  no improvement i n  
(See, f o r  example, the da ta  f o r  0 = 7.50 and 8 = 9 O . )  The d a t a  presented i n  
t h i s  f igure  f o r  t h e  i s o l a t e d  bodies  are cons i s t en t  w i t h  t h e  d a t a  obtained on 
t h e  wing-body combinations; t h a t  i s ,  t h e  performance of the f la t -bot tom config- 
u ra t ion  i s  superior t o  t h a t  of t h e  same configuration inve r t ed .  

(L/D)max f o r  t h e  i s o l a t e d  body are achieved when t h e  semiapex angle 
Continued 

(L/D)max. 

Performance as a Function of t h e  Volume Coeff ic ient  

The nondimensional vol-ume c o e f f i c i e n t  v2/3/S has been employed i n  f i g -  
u r e  4 i n  order  t o  compare the  r e s u l t s  of t h e  p re sen t  i nves t iga t ion .  
i s  f requent ly  employed as an independent parameter f o r  comparing the  performance 
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of hypersonic vehic les  s ince,  f o r  such configurations,  the  payload of spec i f ied  
volume i s  genera l ly  contained i n  the  configuration having the  l e a s t  surface 
a rea .  Larger values  of t h i s  parameter, therefore ,  i nd ica t e  s t r u c t u r a l l y  com- 
pact  configurat ions.  A s  i n  f i gu re  2, t h e  calculated maximum l i f t - d r a g  r a t i o s  
of t h e  i s o l a t e d  f l a t - p l a t e  wings (assumed, i n  t h e  case of f i g .  4, t o  have 
V2/3/S = 0)  have been employed as a guide i n  f a i r i n g  t h e  curves of f i g u r e  4. 
A s  might be an t i c ipa t ed ,  t h e  t rends  of 
i n  f igu re  4 a re  cons is ten t  with those previously demonstrated i n  f i g u r e  2 

s ince,  f o r  a given wing, 
t h e  half-cone body. I n  in t e rp re t ing  the  l i f t - d r a g - r a t i o  da ta  of f igu re  4, it 
should be recognized t h a t  t h e  wings of higher semiapex angle were unduly pena- 
l i z e d  because of t he  p3werful e f f e c t  leading-edge drag had on The 
de le t e r ious  e f f e c t  leading-edge drag had on performance i s  i l l u s t r a t e d  by t h e  
v e r t i c a l  displacement of t h e  t h e o r e t i c a l l y  derived maximum l i f t - d r a g  r a t i o s  of 
f l a t - p l a t e  wings. 

(L/D)max with volume coe f f i c i en t  shown 

i s  d i r e c t l y  proport ional  t o  t h e  apex angle of V2/3/S 

(L/D)max. 

The angle  of a t t a c k  a t  which maximum l i f t - d r a g  r a t i o  occurs i s  shown i n  
f igu re  4(a)  f o r  t he  f l a t - t o p  o r i en ta t ion ,  and although some s c a t t e r  e x i s t s ,  the  
general  t r end ,  as represented by a f a i r i n g  through the data  obtained on a 
go wing, i s  toward smaller angles  of a t t a c k  f o r  l a rge r  volume c o e f f i c i e n t s .  
This  t rend  might be an t i c ipa t ed  s ince t h e  half-cone becomes t h e  dominate geo- 
metr ic  f ea tu re  of t hese  high-volume shapes and s ince according t o  impact theory  
the  maximum l i f t - d r a g  r a t i o  of half-cones occurs near zero angle  of a t t a c k .  

The sh ie ld ing  e f f e c t  of the  wing on the body, discussed previously i n  con- 
nect ion with t h e  L/D 
r e f l e c t e d  again i n  t h e  %pt data  of f igu re  4 (b ) .  For a given wing, l a r g e r  
angles  of a t t a c k  a r e  required t o  achieve 
higher  volume c o e f f i c i e n t s .  Of course, t h i s  t rend  r e s u l t s  from the  f a c t  t h a t ,  
f o r  a given wing, an increase  i n  t h e  volume coe f f i c i en t  r e f l e c t s  a l a r g e r  body 
s i z e  and, consequently, g r e a t e r  angles  of a t t ack  a r e  required t o  sh i e ld  t h e  
body from t h e  flow. 

da ta  of f i g u r e  2 f o r  the f la t -bot tom configurat ion,  i s  

(L/D)max f o r  configurat ions with 

Although t h e  da t a  presented i n  f igu re  4 show t h a t  t h e  configurat ions with 
the s lenderes t  wing provided the h ighes t  (L/D) max 
c o e f f i c i e n t s ,  they a l s o  exh ib i t  t he  lowest value of optimum lift coe f f i c i en t  - 
a parameter e s p e c i a l l y  important i n  t he  design of c ru i se  vehic les .  An exami- 
na t ion  of t h e  optimum l i f t  coe f f i c i en t s  f o r  vehicles  with f ixed  maximum l i f t -  
drag r a t i o s  ( f i g .  5 )  shows t h a t  t o  achieve these l i f t - d r a g  r a t i o s  the  configu- 
r a t i o n s  with higher  volume coe f f i c i en t s  a r e  handicapped by a reduction i n  
optimum l i f t  c o e f f i c i e n t .  The da ta  of f igure 4 show t h a t  considerable l a t i -  
tude i s  ava i l ab le  i n  choosing a geometry capable of the f ixed maximum l i f t - d r a g  

r a t i o s  of f i g u r e  5 ;  however, inasmuch a s  large values  of the  rati.0 V2/3/S 
can be i n t e r p r e t e d  a s  being s t r u c t u a l l y  more e f f i c i e n t ,  i.t i s  l i k e l y ,  i n  view 
of t he  r e s u l t s  presented i n  f i gu re  5 ,  t ha t  the t rade-cff  between s t r u c t u r a l  
and aerodynamic e f f i c i ency  can assume an important r c l e  i n  t h e  f i n a l  choice of 
cruise-vehicle  geometry. 

over the  range of volume 
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Performance of Half-Cone Bodies 

The m a x i m u m  l i f t - d r a g  r a t i o s  of t h e  half-cone bodies  are shown as  a func- 
Whereas t h e  performance continues t i o n  of the volume coe f f i c i en t  i n  f i g u r e  6.  

t o  increase with reduct ions i n  
f i e d  by the curves f o r  t h e  9' d e l t a  wing), t he  performance of t h e  half-cone 
bodies  reaches a peak and then begins  t o  diminish with continued reduct ion i n  

v2/3/s o r  half-cone angle.  
ab ly  associated with t h e  reduced l i f t i n g  e f fec t iveness  of t h e  more s lender  
bodies .  (The l i f t - c u r v e  slope of t h e  3 O  half-cone body, f o r  example, was only 
115 of i t s  Newtonian value of 0.0031.) It i s  probable t h a t  s ince t h i s  loss  i n  
l i f t - c u r v e  s lope i s  associated with t h e  f a c t  t h a t  t h e  s lender  bodies  a re  sur- 
rounded by r e l a t i v e l y  t h i c k  boundary l a y e r s ,  t h e  l i f t - c u r v e  slopes a s  wel l  as 
maximum l i f t - d r a g  r a t i o s  of bodies  with higher  f ineness  r a t i o s  would be 
s t rongly  dependent on Reynolds number. 

V2/3/S f o r  t he  wing-body combinations ( a s  t yp i -  

This reduction i n  m a x i m u m  l i f t - d r a g  r a t i o  i s  prob- 

Figure 6 shows t h a t  t h e  performance of severa l  of t h e  half-cone bodies  
compares favorably with t h a t  of t h e  winged configurat ions having equivalent  
volume coe f f i c i en t s .  Thus, f o r  volume c o e f f i c i e n t s  on t h e  order  of 0.3,  t h e  
half-cone may be an a t t r a c t i v e  shape s ince  it i s  not  encumbered with wings 
t h a t  a r e  r e l a t i v e l y  i n e f f e c t u a l  from t h e  s torage volume s tandpoint .  Further ,  
t h e  winged vehic les  would requi re  g rea t e r  thermal pro tec t ion  f o r  leading edges. 
O f  course, f o r  vehic les  intended t o  perform w e l l  throughout t h e  speed range 
from hypersonic t o  landing speeds, t h e  half-cone bodies  would need some auxi l -  
i a r y  devices such as ex tens ib le  o r  variable-sweep wings t o  provide adequate 
performance and handling a t  low speeds. 

Performance Corre la t ion  Based on Linear Theory 

For a number of years  it has been recognized t h a t  supersonic l i n e a r  theory 
f a i l s  t o  p red ic t  t h e  fo rces  on a body a t  Mach numbers much i n  excess of 3. 
Despite t h i s  inadequacy, reference 3 shows t h a t  it i s  poss ib le  t o  employ a 
l i n e a r  theory expression f o r  maximum l i f t - d r a g  r a t i o  as t h e  parameter f o r  cor- 
r e l a t i n g  t h e  performance of a v a r i e t y  of configurat ions a t  Mach numbers a s  high 
as 10. The performance da ta  obtained i n  t h e  present  i nves t iga t ion  were cor- 
r e l a t e d  a s  a funct ion of parameters suggested by l i n e a r i z e d  supersonic theory.  
Although more r igorous expressions suggested by var ious  authors  were examined, 
t h e  most s a t i s f a c t o r y  c o r r e l a t i o n  of t h e  da t a  i s  shown i n  f i g u r e  7 where the  
drag coef f ic ien t  a t  zero angle  of a t t a c k  was employed i n  t h e  c o r r e l a t i n g  
parameter. 

The method of co r re l a t ing  maximum l i f t - d r a g  r a t i o s  shown i n  figure 7 i s  a 
powerful one which f a c i l i t a t e s  t h e  adjustment and comparison of experimental 
d a t a  obtained a t  d i f f e r e n t  Reynolds numbers. A s  noted previously,  such ad jus t -  
ments were employed here in  t o  account f o r  t h e  v a r i a t i o n  i n  t es t  Reynolds num- 
b e r s .  For these  adjustments it was assumed t h a t  t h e  l i f t - c u r v e  s lope i s  invar-  
i a n t  with Reynolds number and t h a t  CD,o could be ex t rapola ted  p a r a l l e l  t o  t h e  
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curve of t he  coe f f i c i en t  of laminar skin f r i c t i o n  a s  a funct ion of Reynolds 
number. 

Theoret ical  Performance Predict ion 

I n  order  t o  determine whether t h e  maximum l i f t - d r a g  r a t i o s  of f l a t - t o p  and 
f la t -bot tom delta-wing-half-cone combinations could be successfu l ly  predicted 
a t  t h e  high Mach numbers inves t iga ted ,  t h e  performance of a representa t ive  
configurat ion of t h i s  i nves t iga t ion  was estimated by a method i n  which t h e  h a l f -  
cone body i s  assumed t o  remain a t  zero incidence i n  t h e  l o c a l  flow f i e l d  of the  
wing. 
d ix  B of reference 1. 
and ad iaba t i c  w a l l  conditions were assumed t o  p reva i l  over t he  e n t i r e  model. 

A complete descr ip t ion  of t h i s  local-flow method may be  found i n  appen- 
For these  performance es t imates  laminar  boundary l a y e r  

The r e s u l t s  of these  ca l cu la t ions  a r e  shown i n  f i g u r e  8 f o r  t h e  configu- 
r a t ion  incorporat ing a 15' semiapex wing and a 53 half-cone body. 
f l a t - t o p  o r i en ta t ion  t h e  drag was accurately predicted whereas t h e  l i f t  w a s  
overestimated, t he  e r r o r  becoming g rea t e r  a s  angle of a t t a c k  increases .  
r e s u l t  of t hese  pred ic t ions  was, of course, an overestimation i n  t h e  perform- 
ance f o r  the  f l a t - t o p  o r i en ta t ion .  

For t h e  

The 

When the  body i s  s i t ua t ed  on t h e  leeward surface of t h e  wing, both l i f t  
and drag a r e  s l i g h t l y  underestimated such t h a t  t h e  r e s u l t i n g  l i f t - d r a g  r a t i o  
i s  accura te ly  (but  fo r tu i tous ly )  predicted.  
were pred ic ted  f o r  both f l a t - t o p  and flat-bottom o r i en ta t ions ;  a s imi la r  d e f i -  
ciency i n  t h i s  method of es t imat ing maximum l i f t - d r a g  r a t i o s  was observed i n  
reference 1 a t  Mach numbers of 6.8 and 9.6. 

Equal maximum l i f t - d r a g  r a t i o s  

To da te ,  it i s  not known f o r  c e r t a i n  under what conditions of Mach number, 
angle of a t t a c k ,  and model geometry the  double-shock flow pa t t e rns  underneath 
f l a t - t o p  configurat ions,  assumed i n  the previous s implif ied ana lys i s ,  w i l l  
e x i s t .  One inves t iga t ion  of the  pressure d i s t r ibu t ion  about delta-wing-half- 
cone configurat ions a t  Mach numbers of 5 and 8 ( r e f .  9) showed t h e  ex is tence  of 
t h e  double-shock type of flow. The configurations,  however, had r e l a t i v e l y  low 
f ineness  r a t i o s .  (The half-cone angle was 12.5' and the  wing semiapex angles  
were 2 5 O  and bo0.)  Other pressure measurements a t  Mach numbers from 3 t o  6 
( r e f .  10) and a t  Mach numbers of 7 and 10 ( r e f .  11) i nd ica t e  only the  s ing le-  
shock type of flow. 
i n  t h e  Langley 22-inch helium tunnel  a t  M = 20 on a configurat ion having a 
20° semiapex wing and a 7.5' half-cone body a l s o  ind ic s t e  t he  exis tence of t h e  
single-shock type of flow. 
ence 4 a t  a Mach number of 21. 
t i o n  of a half-cone body underneath a d e l t a  wing causes a s i g n i f i c a n t  d i s turb-  
ance i n  t h e  flow f i e l d  a l l  the  way out t o  the wing leading edge ins tead  of 
being confined t o  a r a t h e r  l imi ted  regi.on adjacent t o  the wing-body juncture .  
The r e s u l t s  of t hese  pressure measurements ind ica te  t h a t  th? na ture  of t he  flow 
beneath f l a t - t o p  wing-body combinations i s  f a r  more complex than assumed i n  t h e  
local-f low method of ana lys i s ,  and it  i s  reasonable, therefore ,  t h a t  t h i s  
method of es t imat ing  performance gives  poor r e s u l t s .  It would appear t h a t  
before  p rec i se  performance est imates  can be made on f l a t - t o p  o r i en ta t ions ,  

Recent pressure measurements ( a s  ye t  unpublished) obtained 

Similar  r e s u l t s  have a l s o  been reported i n  r e f e r -  
Reference 4 a l s o  ind ica t e s  t h a t  t h e  introduc- 
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d e t a i l e d  pressure measurements w i l l  be necessary i n  order t o  e s t a b l i s h  t h e  con- 
d i t i o n s  under which t h e  va r i e ty  of flow pa t t e rns ,  such a s  those suggested i n  
reference 12, w i l l  e x i s t  beneath f l a t - t o p  configurat ions.  

CONCLUDING REMARKS 

Measurements of the  maximum l i f t - d r a g  r a t i o s  a re  presented f o r  a family 
of delta-wing-half-cone combinations a t  a Mach number i n  t h e  neighborhood of 
20. The r e s u l t s  ind ica te  t h s t ,  without exception, t h e  flat-bottom o r i en ta t ion  
provided higher maximum l i f t - d r a g  r a t i o s  than t h e  corresponding f l a t - t o p  con- 
f igura t ion .  
cone angle always r e su l t ed  i n  a de t e r io ra t ion  of performance f o r  t h e  f l a t - t o p  
configurations.  Within t h e  range of model geometries of t h i s  inves t iga t ion ,  an 
increase of body volume was not always accompanied by a reduction i n  t h e  per- 
formance of t he  f la t -bot tom configurat ion.  For example, those  configurat ions 
with slender wings exhibi ted a s u b s t a n t i a l  l o s s  i n  performance with increases  
i n  body volume whereas l i t t l e  o r  no reduction i n  maximum l i f t - d r a g  r a t i o  could 
be detected f o r  configurat ions having wing semiapex angles  of 20° and 25'. 

The addi t ion  of body volume i n  t h e  form of increasing t h e  h a l f -  

For a f ixed  body s i ze ,  the  r e s u l t s  ind ica ted  t h a t  t he  s i g n i f i c a n t  gains  i n  
performance f o r  both f l a t - t o p  and f la t -bot tom o r i en ta t ions  occurred when t h e  
wing semiapex angle only s l i g h t l y  exceeded the  half-cone angle;  f u r t h e r  
increases  i n  wing semiapex angle yielded l i t t l e  o r  no improvement i n  perform- 
ance. The performance of severa l  of t h e  half-cone bodies compares favorably 
with t h a t  o f  t h e  winged configurat ions f o r  c e r t a i n  values  of the r a t i o  of 
volume t o  planform area .  The maximum l i f t - d r a g  r a t i o  could be  cor re la ted  on 
t h e  b a s i s  o f  parameters suggested by l i nea r i zed  supersonic theory even though 
t h e  d a t a  were obtained a t  a Mach number f a r  beyond t h a t  f o r  which l i n e a r  theory 
could be expected t o  apply.  

Langley Research Center, 
National Aeronautics and Space a d m i n i  s t  r a t  ion,  

Langley S ta t ion ,  Hampton, V a . ,  January 28, 1965. 
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21.00 
15 - 75 
12-40 
12.30 
12.30 

15.75 
12.30 
12.30 
12.30 

8.00 
8.00 
8.00 

8.00 
8.00 
8.00 

21.00 
1.5 75 
12.30 
12.30 
12.30 

4.35 x 106 0.116 
3.06 .1486 
3- 58 1907 

3.49 * 3733 

0 - 0999 3.18 x 10 
3.56 .1207 
3.46 .1.839 
3.45 .2265 

3.48 .3000 

6 

2.91 x lo6 0.1.001 
2.94 .1445 
2.92 - 1751 
2.91 X LO6 0.0897 
2-75 .1192 
2.89 .1424 

4.22 x 10' 0.2431 
3.21 .2677 
3.40 .2885 
3.42 * 3308 
3.41 -3515 

TABLE I.- MODEL CONFIGURATIONS AND TEST CONDITIONS 

L 
I solated 
half-cones 

3 
4 
5 
7.5 
9 

4 
5 
7.5 
9 

5 
7.5 
9 

5 
7.5 
9 

3 
4 
5 
7.5 
9 

M 

19.1 
19.1 
19.9 
19.9 
19.9 

19.2 
19.9 
19.9 
19.9 

20.3 
20.4 
20.4 

20.3 
20.3 
20.4 

19.1 
19.1 
19.9 
19.8 
19.8 
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Solid symbols - isolated half -cones 
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Figure 3.- Effec t  cf wtng semiapex angle cn maximum l i f t - d r a g  r a t i o .  Figures adjacent to 
symbcls represent t e s t  Reynclds number i n  miiltcns. 
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Figure 8. - Comparison of experimental results and local flow method of predicting 
performance. E = 15'; e = 5'. 
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