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SUMMARY 

Force t e s t s  of a se r i e s  of r ight  c i r cu la r  cones having semivertex 
angles ranging from 5' t o  45' and a se r i e s  of r i gh t  c i rcu lar  cone- 
cylinder configurations having semivertex angles ranging from ?' t o  20' 
and an afterbody fineness r a t i o  of 6 have been made i n  the  Langley 
11-inch hypersonic tunnel a t  a Mach number of 6.83, a Reynolds number 
of 0.24 x 10 6 per inch, and angles of a t tack  up t o  130'. 

An analysis of the  r e s u l t s  made use of t he  Newtonian and modified 
Newtonian theories  and the  exact theory. 
mental data of born cone and cone-cylind&r ~ o n f i g ~ d m t i o n s  w i t h  thenret-  
i c a l  calculations shows t h a t  the  Newtonian concept gives excellent pre- 
dict ions of trends of t he  force charac te r i s t ics  and the locations with 
respect t o  angle of a t tack  of the points of maximum l i f t ,  maximum drag, 
and maxlmum l i f t -drag  r a t i o .  
give excellent predictions of the sign and value of the  i n i t i a l  l i f t -  
curve slope. The maximum l i f t  coefficient f o r  conical bodies i s  nearly 
constant at  a value of 0.5 based on planform area fo r  semivertex angles 
up t o  30'. 
expected t o  be not greater  than about 3.5, and t h i s  value might be 
expected only f o r  slender cones having semivertex angles of l e s s  than 5'. 
The incrementa of angle of a t tack and l i f t  coeff ic ient  between the  maxi- 
mum l i f t -drag  r a t i o  and the  maximum l i f t  coeff ic ient  f o r  conical bodies 
decrease rapidly Kith increasing semivertex angles as predicted by the  
modified Newtonian theory. 

A comparison of the experi- 

Both the  Newtonian a.nd exact theories  

The maximum l i f t - d r a g  r a t i o  f o r  conical bodies can be 

INTRODUCTION 

During the reentry of an o r b i t a l  vehicle or  missi le  i n to  the  +nos- 
phere, the f l i g h t  a t t i t u d e  m a ~ r  be modulated with time through large 
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angles of a t tack f o r  range control  and f o r  the a l l ev ia t ion  or  aerodynamic 
loading and heating. In  addition, inadvertent maneuvers due t o  unpro- 
gramed o r  unforeseen perturbations,  which may o r i en t  t h e  vehicle  i n  
unusual posit ions,  may occur. The r e s u l t s  of any such behavior on s t ruc-  
t u r a l  loading and the  possible a l t e r a t i o n  of t he  t r a j ec to ry  depend on 
the various forces imposed on the  configuration at a l l  possible f l ight 
a t t i t udes .  There i s  a need therefore  f o r  a systematic study of the 
aerodynamic charac te r i s t ics  of a wide range of possible  shapes p r i o r  t o  
the  determination of possible e x t r a t e r r e s t r i a l  vehicles which make use 
of atmospheric braking f o r  reentry.  

Considerable da ta  including force as w e l l  as pressure-dis t r ibut ion 
measurements have been compiled on sharp cone and cone-cylinder config- 
urations a t  low angles of a t t ack  throughout t h e  supersonic speed range. 
(See refs. 1 t o  5 . )  
force data on a s e r i e s  of cone and cone-cylinder configurations at 
angles of a t tack up t o  130' at a Mach number of 6.83 and t o  compare the  
data with available theory.  
par t icu lar  consideration of t he  regions i n  the  v i c i n i t y  of t he  maximum 
l i f t -d rag  r a t i o  and the  maximum l i f t  coef f ic ien t ,  which a re  important 
parameters used i n  reentry t r a j ec to ry  calculat ions.  (See refs. 6 t o  9 .  ) 
No consideration w a s  given t o  aerodynamic heating; however, it may be 
expected tha t  t h e  necessary moderate blunt ing w i l l  a l ter  the  r e s u l t s  and 
conclusions only s l i g h t l y .  

The purpose of t h i s  invest igat ion was t o  obtain 

The analysis  of t h e  cone data was made with 

C = h T a r / k T w  = 0.86 

C A 
FA 
%os 

axial-force coef f ic ien t ,  - 
FD' - Fb cos a 

CD drag coeff ic ient ,  

CF average skin-fr ic t ion coef f ic ien t ,  

CL lift coeff ic ient ,  

_-cc- %os 
1.328fl  2 f i  ss q --- 
JR 3 S S ,  

F L - b s i n a  

/ elms 

increment of l i f t  coef f ic ien t  between (L/D)- aI-ld CL,maX 

lift-curve slope, - kL 
a, cLa 

normal-force coef f ic ien t ,  - FN CN 
%os 
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&I, normal-force curve slope, - 

pressure coefficient, 

cNa, au 
P - Pw 

SOD CP 

FA axial force along X-axis; positive direction, -X 

Fb base-pressure correction, (p, - %)% 

FD' 

FL = FN cos a, - FA sin a, 

= FN sin a, + FA cos a 

normal force along Z-axis, positive direction, -Z 

lift-drag ratio, cL/cD 

free-stream Mach number 

local pressure 

pressure on base of model 

free-stream static pressure 

iocal dynamic pressure 

free-stream dynemic pressure 

local Reynolds number 

free-stream Reynolds number based on body length 

planform area of model 

base area of model 

total surface area excluding base area 

wall temperature 

free-stream temperature 

angle of attack, deg 

increment of angle of attack between (L/D),, and 



angle-of-attack location of m a x i m u m  l i f t  coeff ic ient  or maximum 
l i f t - d r a g  r a t i o  % 

OV semivertex angle of cone 

P W  wall dynamic v iscos i ty  

Pa2 free-stream dynamic v iscos i ty  

Subscripts : 

l o c a l  surface condition 

max maximum o r  stagnation 

min minimum 

MODELS 

The models used f o r  the present t e s t s  may be seen i n  t h e  photographs 
shown i n  f igures  1 and 2 and i n  the  d e t a i l  drawings shown i n  f igures  3 
and 4. These models consisted of a s e r i e s  of s i x  r igh t  c i r c u l a r  cones 
having semivertex angles ranging from 5' t o  45' and a s e r i e s  of four  
r i g h t  c i r cu la r  cone-cylinder configurations having semivertex angles 
ranging from 5 O  t o  20° and an afterbody fineness r a t i o  of 6.  
were constructed of s t a i n l e s s  s t e e l  and were attached d i r e c t l y  t o  the  
strain-gage balance f o r  angles of a t tack  up t o  2 5 O .  
attached t o  the balance by an auxi l iary s t i n g  for t he  angle-of-attack 
range from 30' t o  130' t o  make possible i n i t i a l  def lect ion se t t i ngs  on 
models with zero s t r u t  and balance s e t t i n g s .  

All models 

The models were 

APPARATUS AND TESTS 

The t e s t s  were conducted i n  the  Mach number 6.86 tes t  section of 
t h e  Langley 11-inch hypersonic tunnel. The boundary-layer thickness on 
the tunnel w a l l  and hence the  free-stream Mach number of t h i s  t e s t  sec- 
t i o n  i s  dependent upon the stagnation pressure.  For these t e s t s ,  a t  an 
average stagnation pressure of 24 atmospheres and an average stagnation 
temperature of 675' F ( t o  avoid l iquefact ion) ,  t h e  average free-st e m  

inch. The absolute humidity was kept t o  less than 1.9 x 10-5 pounds 01' 
water per pound of dry air f o r  a l l  tes ts .  Normal- and ax ia l - force ,da ta  
were obtained by use of a two-component strain-gage force balance through 

Mach number was 6.83 and the  average Reynolds number was 0.24 x 10 i!i per 



an angle-of-attack range from 0' t o  approximately 130' a t  a s i d e s l i p  
angle of 0'. 
were measured, and the  axial-force component was adjusted t o  correspond 
t o  a base pressure equal t o  the free-stream s t a t i c  pressure.  Schlieren 
photographs were made at  each angle-of-attack s e t t i n g  f o r  a l l  models, 
and the angle of a t tack  was measured from the  resu l t ing  negatives on an 
op t i ca l  comparator. 

For the angles of attack up t o  25' the  model base pressures 

ACCURACY OF DATA 

The maximum uncertaint ies  i n  the  force coef f ic ien ts  f o r  t he  indi-  
vidual t e s t  points due t o  the  force-balance system a re  20.016 f o r  the 
l i f t  coeff ic ient  CL and k0.012 f o r  the  drag coef f ic ien t  CD. The 
stagnation pressure w a s  measurable t o  an accuracy of 20 .06 atmosphere; 
the  reading accuracy of t h e  angle of a t tack  was k O . l O O .  

THEORETICAL METHODS 

The aerodynamic force charac te r i s t ics  of t h e  models at a Mach nun- 
ber  of 6.83 throughout t he  angle-of-attack range of t h i s  invest igat ion 
were calculated, and the  resu l t s  a r e  presented along with the  experi- 
mentai d&a. The Zethods used f o r  t he  various charac te r i s t ics  a re  
discussed in  t h i s  sect ion.  

L i f t ,  Drag, and Lift-Drag Ratio 

"he values of CL, CD, and L/D were calculated by use of a 
modification of the Newtonian theory. This pa r t i cu la r  modification 
was used successfully t o  predict t he  loads on c i r cu la r  cylinders at  
high angles of a t tack  i n  reference 10. 
the use of the  Newtonian relat ion C p , l o c a l  = CP,- sin26 
i s  the deflection angle of the l o c a l  flow and 
pressure coeff ic ient .  A value of CP,- of 1.822 f o r  M, = 6.83 
determined from normal-shock theory and ve r i f i ed  by experiment ( r e f .  10) 
was used, instead of the  value of of 2 determined from pure- 
momentum considerations (ref. 11). 
both the cone and cone-cylinder configurations were determined by use 
of the basic Newtonian theory of reference 11 with t he  previously 
mentioned modification incorporated, unless otherwise specif ied.  

The modification consis ts  of 
6 where 

C$,- is  the  stagnation- 

CP,- 
The integrated coef f ic ien ts  f o r  

. 
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An approximation of the average sk in- f r ic t ion  coeff ic ient  w a s  made 
by use of the following equation, which was obtained from reference 12 
and modified f o r  cones as suggested i n  reference 13: 

For the tunnel conditions under consideration, a constant value of 
of 0.86 was taken. 

C 
The Reynolds number used was calculated f o r  condi- 

t ions  on the surface of t he  cone a t  an angle of a t t ack  of 0'. L 
f r i c t i o n  estimated by t h i s  method w a s  constant with varying 1 
angle of attack and w a s  considered only i n  the  discussion of maxhum l i f t -  3 
drag r a t i o  which occurs at r e l a t ive ly  low angles of a t tack  f o r  cones w i t h  0 
varying semivertex angles. A. 

The skin 
assumed t o  be 

1 

L i f t  -Curve Slope 

The calculation of t he  l i f t -curve  slope C b  of t he  r igh t  c i r cu la r  
cones was made by use of t h e  Newtonian impact theory ( r e f .  11) and the 
r e su l t s  of the exact theory ( ref .  14) .  

Reference 11 s t a t e s  t h a t  t h e  l i f t -curve  slope f o r  slender cones as 
determined by the impact theory is  

which reduces t o  the slender-body r e su l t  of 
a = Oo,  and t h i s  conclusion is  va l id  f o r  cones where 
f o r  cones where i s  la rger  than Oo the  value of C b  may be of 
d i f fe ren t  magnitude and/or sign. This r e s u l t  i s  due t o  the  negative- 
l i f t  contribution of a x i a l  force t o  the  over-al l  l i f t  of the  cone which 
is  readily seen in  the  equation f o r  l i f t  i n  terms of normal and axial 
forces as follows: 

dCddu = 2 per radian a t  
8v 4 0 .  However, 

The axial force increases with increasing cone angle semivertex 
and f o r  cones of very large angles the  value of CA s i n  a exceeds the  
value of CN cos a which results i n  a negative l i f t  and hence a nega- 
t i v e  slope o f t h e  l i f t  curve 

BV, 

- C k .  
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The calculations of the l i f t -curve  slope by Newtonian theory 
( r e f .  11) were therefore  made i n  t h e  following manner: 

cN = cos2ey s i n  2a 

CA = 2 sin2ev .e s i n 2 a ( l  - 3 s i n  2 ev) 

Combining equations (l), (2 ) ,  and ( 3 )  and simplifying gives 

CL = sin 2a cos a - 2 sin2% s i n  a - sin% + 3 s i n  3 a s i n  2 ev 

U s e  of 

s i n  2a = 2 s i n  a cos a 

and 

cos2a = 1 - sin 2 a 

results i n  

(4) cL = s i n  2 q ( - 4  s i n  a + 5 s i n  3 a) + 2 s i n  a - 3 s i n  3 a 

Different ia t ing with respect t o  a gives 

- dCL = sin2*(& cos a + 15 sin 2 a cos a) + 2 cos a - 9 s i n  2 a cos a 
da 

U s e  of 

sin% = 1 - cos 2 a 

results in 
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As equation ( 5 )  w a s  derived by use of t h e  results of reference 11, 
it i s  referenced on t h e  cone base a rea  and uses Cp,max of 2. The use 
of Cp,max = 2 instead of Cp,mu = 1.822 f o r  t h i s  study of low angles 
of a t tack  i s  discussed more f u l l y  i n  t h e  section e n t i t l e d  "Results and 
Discussion." I n  t h i s  paper where t h e  reference area is both t h e  plan- 
form area and base area of t he  cone, t he  conversion f a c t o r  i s  

Base area 
Planform area  

= n t a n  ev 
L 
1 
3 

1 

The calculation of C b  by use of t he  exact theory ( re f .  1 4 )  makes 
use of t h e  values of CN, and CA f o r  cones a t  an angle of a t t a c k  of 0'. 0 

The assumption w a s  made t h a t  these coef f ic ien ts  were unchanged f o r  a 
change i n  angle of a t tack of 1'. These values of CN and CA w e r e  
subst i tuted in to  equation (1) along with the  cosine and s ine  of lo t o  
obtain the  values of 
exact theory. 

CL as used in t h i s  paper and referred t o  as the  

Maximum L i f t  

The maximum lift coeff ic ient  CL,- was determined by modified 
Newtonian theory where Cp,max = 1.822. For models where the  CL,- 
occurred at  angles of a t tack  greater  than t h e  respective semivertex 
cone angle 8v, the values of C L , ~ ~  were obtained from f a i r e d  curves 
calculated by t he  equations of reference 11 and modified f o r  t h e  normal- 
Shock Cp,ma and f o r  reference area. For those models where the 

C L , ~ ~  occurred a t  angles of a t tack  less than t h e  respective semivertex 
cone angle, 
and solving f o r  a. This value of a w a s  subs t i tu ted  i n t o  equation ( 4 )  
t o  determine the value of 

C L , ~ ~  was obtained bjr s e t t i n g  equation ( 5 )  equal t o  zero 

CL,-. 

PFU3SENTATION OF RESULTS 

The force coeff ic ients  a r e  referred t o  t h e  s t a b i l i t y  axis system. 
The presentation of t he  data on t h e  r igh t  c i r c u l a r  cones and t h e  r i g h t  
c i r cu la r  cone-cylinder configurations i s  made separately.  
longitudinal data on the cones i s  given first along with t h e  r e s u l t s  of 
calculations made by the modified Newtonian theory.  
followed by analysis s tudies  of t h e  important d e t a i l s  of t he  longi tudinal  
force r e s u l t s  of the cones and f u r t h e r  comparisons with theoretical .  cal-  
culations.  

The basic  

These da ta  a r e  

The basic longitudinal data on the cone-cylinder configurations 
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is  then presented along w i t h  the t h e o r e t i c a l  results and analysis  figures. 
The s c a t t e r  of the data above an angle of attack of 25' w a s  due i n  p a r t  
t o  the use of the auxi l iary s t ing  which supported t h e  models. The f i g -  
ures presented are as follows: 

F igwe 

Basic longitudinal force character is t ics  i n  p i tch  of cone 
models having semivertex angles of:  

5 e v = 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
fjv = 100 . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
f j V = 1 5 O  . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
f j v = X > o  . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
f j v = 3 0 0  9 
e v = 4 5 O  . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

0 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  

Schlieren photographs of right-circular-cone models . . . . . . .  11 

Variation of l i f t -curve slope with cone semivertex angle . . . .  1.2 

Variation of maximum l i f t  coefficient with cone semivertex 
a n g l e . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

Variation of maxhum l i f t - d r a g  r a t i o  with cone semivertex 
a n g l e .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

Variation of t he  l i f t  coefficient at  (L/D),, and of the 
l i f t - d r a g  r a t i o  a t  CL,- with cone semivertex angle . . . . .  15 

Variation of t he  increments of angle of a t tack  and l i f t  
coeff ic ient  between (L/D),, and CL,- with cone 
semivertex angle . . . . . . . . . . . . . . . . . . . . . . .  16 

Basic longitudinal force character is t ics  i n  p i t c h  of cone- 
cylinder models having semivertex angles of :  
e v = 3  O . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17 
e v = i o o  . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 
% = 1 5 O  . . . . . . . . . . . . . . . . . . . . . . . . . . .  i g  . . . . . . . . . . . . . . . . . . . . . . . . . . .  e v = 2 0 0  x) 

Schlieren photographs of right c i r c u l a r  cone-cylinder . . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 models 

Variation of m a h u m  l i f t - d r a g  r a t i o  with semivertex angle 
f o r  cone-cylinder models . . . . . . . . . . . . . . . . . . . .  22 

Correlation of various l i f t i n g  bodies . . . . . . . . . . . . . .  23 
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RESULTS AND DISCUSSION 

Lif t ing  Cone Configurations 

Basic cone data and theory.- A comparison of t h e  basic  experimental 
data and calculations made by use of t h e  modified Newtonian theory 
(where 
semivertex angles ranging from 5' t o  45O, respect ively,  with t h e  plan- 
form area as the  reference area. 
i s  on the high angle-of-attack range where t h e  shocks are detached and 
a stagnation point o r  l i n e  i s  on the  body, t he  modified Newtonian the0r.y 
w a s  used. "he value of CP,- 'of 2 ( ref .  11) should be used f o r  t he  
low angle-of-attack range so t h a t  c loser  approximations may be obtained, 
as may be seen subsequently i n  the  discussion of t h e  i n i t i a l  l i f t - cu rve  
slope.  The results of t h e  comparison betweeri the calculat ions based on 
the modified Newtonian o r  impact concept with experimental da ta  show 
nothing unusual. As expected, the  theory gives excel lent  predict ions 
of trends o f t h e  force charac te r i s t ics ,  t he  locat ion with respect t o  t h e  
angle of attack of t he  points of maximum l i f t ,  maximum drag, and maximum 
l i f t -d rag  rat io ,  and predictions of t he  exact values of the coef f ic ien ts  
with suff ic ient  accuracy f o r  use i n  determining the  over-al l  character-  
i s t i c s  of the cone. Generally, the  var ia t ion  between t h e  experimental 
data and theore t ica l  estimates increases with cone semivertex angle.  
A t  low angles of a t t ack  the  l i f t - d r a g  r a t i o  of t h e  sharper cones, where 
the e f fec ts  of skin f r i c t i o n  are appreciable compared t o  t h e  e f f e c t s  of 
pressure forces, i s  overpredicted by the  theory.  For t h e  over-al l  range 
of cone semivertex angles and t h e  range of angles of a t t ack  t e s t ed ,  both 
the trends i n  t he  var ia t ion  of t he  l i f t  coef f ic ien t  w i t h  angle of a t t ack  
and the  values of t h e  individual points  are more consis tent ly  predicted 
than are the trends and values of the  drag coef f ic ien t .  

CP,- = 1.822) is made i n  figures 5 t o  10 f o r  t h e  cones having 

As t h e  primary emphasis of t h i s  paper 

Schlieren photographs of a l l  cone models are presented i n  figure 11 
f o r  a range of angles of a t t ack  from Oo t o  90'. 
support is  apparent i n  t h i s  f igure  f o r  angles of a t t ack  above 30°. 

The method of model 

Reference area.-  Although the  planform area was used f o r  reference 
i n  the  presentation of t he  basic  data, other  reference areas were con- 
sidered during the  analysis .  These references were primarily t h e  base 
area of t h e  model and t h e  volume of t h e  model t o  t h e  power of 2 / 3 .  
these reference areas are equated t o  t h e  planform area, t h e  conversion 
i s  found t o  be a function of semivertex angle €IV as shown i n  t h e  
following equations : 

When 

Planform area - 1 - 
Base area n tan BV 
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These equations may be used t o  convert the  p lo t ted  experimental o r  theo- 
r e t i c a l  values t o  a new reference area.  
t ha t  the  conversion ratios fo r  both reference areas ( t h a t  i s ,  the r a t i o  
of the planform area t o  the base area and the  r a t i o  of the planform area 
t o  the volume t o  the  power of 2 / 3 )  have tangent 
denominator; therefore,  the results shown by a p lo t  having 
variable will approach e i the r  0 o r  00 as 8v + O o  depending on the  
parameter. I n  order t o  be consistent the  planform area was used on a l l  
analysis plots ,  and the  use o f  the base area and the volume t o  the 
power of 2/3 as references was discussed where applicable.  

It should be noted, however, 

8v functions in  the 
8v as the  

Cone l i f t -curve slope.- The var ia t ion of the  i n i t i a l  l i f t -curve  
slope i s  sham i n  f igure  12 f o r  cones of various semivertex angles. 
The data a re  shown f o r  both base-area and planform-area reference and 
a re  compared with the slopes calculated by use of t he  Newtonian theory 
and a var ia t ion of the  exact theory as discussed in the  sect ion e n t i t l e d  
'Theoretical  Methods." 
mination of equilibrium f l i g h t  conditions f o r  a lifting-body-type vehicle,  
t o  es tab l i sh  the a t t i t u d e  of f l i g h t ,  and i n  the  determination of the  
over-al l  perfoxmame. The dynamic s t a b i l i t y  of e i t h e r  a b a l l i s t i c  o r  
l i f t i n g  vehicle i s  affected greatly by t h i s  s t a b i l i t y  der ivat ive as it 
i s  an important contribGtion t o  the d..m~ing nf the longitudinal short-  
period mode, especial ly  f o r  short-coupled vehicles.  

The l i f t -curve  slope i s  important i n  the  deter-  

Figure 12 shows t h a t  reasonable values of t he  slope C k  may be 
obtained by use of e i t h e r  the Newtonian o r  exact theories  and t h a t  the 
two theories  give nearly the same r e s u l t s  f o r  a change i n  angle of 
a t tack  of 1'. The agreement between the experimental data and the 
theo re t i ca l  estimates i s  reasonably good considering t h a t  at  these low 
angles of a t tack  t h e  experimental forces were low and t h a t  the  slopes 
were obtained from fa i r ed  curves. 
as t h e  cones become blunter  (higher semivertex angles) the l i f t -curve  
slope decreases and becomes zero f o r  cones having semivertex angles 
of 45'. For higher semivertex angles than 45' the  l i f t -curve  slope 
becomes negative; thus,  the  dynamic s t a b i l i t y  charac te r i s t ics  of any 
cone-shaped vehicle would be adversely affected.  
indicates  that the  l i f t  contribution may be negative i f  the  configura- 
t i o n  is su f f i c i en t ly  blunt. 
Bv = 90' 
planform area f o r  reference i s  usually made f o r  l i f t ing- type  bodies o r  
vehicles. 
cone semivertex angle f o r  t he  development of t he  l i f t -curve  slope. 
conical l i f t i n g  body having a semivertex cone angle of about 26O would 

Both theory and experiment show t h a t  

This e f f ec t  fu r the r  

The data  point shown i n  figure 12 at  
represents a f l a t  d i s k  from reference 15. The use of the  

I n  t h i s  connection it may be seen that there  i s  an optimum 
A 
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produce the most posi t ive l i f t  per degree of angle of a t t ack .  
curves of the l i f t -curve slope based on planform area and base a rea  
cross at a semivertex angle of 17.68O. A cone with t h i s  semivertex 
angle has a planform area  equal t o  t h e  base area. 
t i o n  for planform area  t o  the equation f o r  base area and solving f o r  
the semivertex angle 
where 
power of 2 /3  i s  used as reference a r e  qu i t e  similar t o  the  r e s u l t s  when 
the planform area i s  used as reference except t h a t  the m a x i m u m  
occurs a t  0v = 22'. 

The 

Equating t h e  equa- 

8 shows t h a t  t he  two areas a re  equal f o r  a cone 
eV = tan-'l/a = 17.68O. The r e s u l t s  when the volume t o  the  

CJ& 

Maximum l i f t . -  The var ia t ion of t h e  maximum equilibrium l i f t  coef- 
f i c i e n t  and the angle of a t tack  at which it occurs with cone semivertex 
angle i s  presented on f igure 13. 
mines the  minimum speed for a given a l t i t u d e  t h a t  a vehicle can sus ta in  
level flight as w e l l  as being a f a c t o r  i n  the  longitudinal dynamics of 
a configuration and a parameter used i n  reentry t ra jec tory  calculat ions,  
it i s  important t h a t  it be given p a r t i c u l a r  consideration. A study of 
the experimental and calculated results given i n  f igure 13 shows t h a t  
there i s  a gradual increase i n  the  maximum l i f t  coeff ic ient  with 
increasing cone semivertex angle up t o  a maximum which occurs at  a 
semivertex angle of approximately 25'. For semivertex angles grea te r  
than 25', a rapid decrease i n  CL,max occurs with increasing 8v until 
CL,- = 0 fo r  a cone having 8v = 43'. The experimental values f o r  
f3v = 0' 
a c i r cu la r  cylinder. 
maximum l i f t  occurs decreases from an angle of 55' f o r  a cone having 
8v = Oo,  or  a c i rcu lar  cylinder, t o  f o r  t he  blunt cone having 
BV = 43 . It appears t h a t  both the  maximum l i f t  coeff ic ient  and the  
angle of attack a t  which it occurs a r e  both predicted with reasonable 
accuracy by the Newtonian concept. As i s  w e l l  known, the exact theory 
predicts t ha t  t he  shock detaches from cones having a semivertex angle 
of approximately 36' and above at  an angle of a t t a c k  of Oo f o r  
From f igure 13, it may be observed t h a t  when a cone is  a t  ~ z n  angle of 
a t tack such tha t  i ts  windward surface i s  or iented at about 56' t o  the  
flow, the maximum l i f t  occurs. This phenomenon i s  denoted i n  f igu re  13 
by a p lo t  of t he  equation 
below approximately 40' gives about as good an estimate of t h e  angle of 
a t tack where CL,- occurs as does t h e  Newtonian theory. 

A s  t h e  maximum l i f t  coeff ic ient  deter-  

plot ted i n  t h i s  f i gu re  and other  f igures  i n  t h i s  paper a r e  f o r  
(See ref.  10. ) The angle of a t tack  a t  which t h e  

% = 0' 
0 

M, = 6.83. 

9v + u, = 5 6 O  which f o r  a l l  semivertex angles 

A careful examination of t h e  schl ieren photographs ( f i g .  11) through 
CL,- t h e  range of angles of a t tack  near 

adjacent t o  the body surface changed from s t r a i g h t  t o  curved with 
increasing angle of at tack.  This curvature of shock p r o f i l e  was i n  addi- 
t i o n  t o  t h a t  downstrean of the base of t h e  body due t o  t h e  expansion of 

shows t h a t  t h e  shock p r o f i l e  

L 



the flow around the base of t he  model. The change w a s  not abrupt but 
ra ther  gradual over t he  angle-of-attack region where CL,- occurred. 

mimum lift-drag r a t i o . -  The var ia t ion  of t h e  maximum l i f t - d r a g  
r a t i o  and the  angle of a t tack at which it occurs with cone semivertex 
angle are presented i n  f igure 14. 
l i f t i n g  reentry body i s  important i n  the  determination of t h e  m a x i m u m  
range, maximum deceleration, aerodynamic heating, loading, and control  
during reentry t ra jec tory  calculations.  For a given vehicle t h e  maximum 
range and minimum-peak deceleration occur when reentry takes place a t  
( L / D ) ~ = .  For low heating rates both a high L/D and CL a r e  desirable. 
If a low total-heat input is  required and a high deceleration is accept- 
able, reentry at low values of L/D and CL i s  desirable.  

The m a x i m u m  l i f t - d r a g  r a t i o  of a 

Calculations of (L/D)- are presented with and without estimated 
skin f r i c t i o n  and were made as described i n  the  sect ion e n t i t l e d  
"Theoretical Methods." 
r e s u l t s  are obtained with e i t h e r  Newtonian o r  modified Newtonian theory. 
Figure 14 shows t h a t  t he  
a t  which (L/D)- occurs increases with increasing cone semivertex 
angle. Similar e f f e c t s  a r e  experienced by a body when the  bluntness and 
hence drag is increased. The addition of skin f r i c t i o n  t o  the  Newtonian 
calculations of L/D improved t h e  over-al l  t h e o r e t i c a l  estimates par- 
t i c u l a r l y  f o r  t he  cones having small semivertex angles. No curve w a s  
included f o r  t h e  angle of a t tack where (L/D),, occurs f o r  t h e  case 
witn skin f r i c t i f i r i  altho-cgh calc7dc%ior?s shew that the  angle of a t t a c k  
would increase only about 1' f o r  any given semivertex angle. The modi- 
f i e d  Newtonian calculation of (L/D)- with skin f r i c t i o n  more nearly 
predicts  t he  wind-tunnel r e su l t s  than does t h e  Newtonian calculat ion 
with skin f r i c t i o n .  A t  t he  low angles of a t t a c k  where (L/D),, occurred 
f o r  a l l  bodies tes ted,  t he  Newtonian calculat ion should have given the  
closer  approximation. This difference between the Newtonian and exper- 
imental results gives an idea as t o  t h e  magnitude of the possible 
e r r o r  i n  the skin-fr ic t ion estimate. From t h i s  study of t h e  experimental 
and calculated maximum l i f t - d r a g  r a t i o s  f o r  sharp cones of various semi.- 
vertex angles, it appears t h a t  the maximum l i f t - d r a g  r a t i o  that may be 
expected i s  not greater  than about 3 . 3  f o r  low Reynolds number laminar- 
flow conditions and t h i s  value may be expected only f o r  slender cones 
having semivertex angles of l e s s  than 5 O .  
maximum l i f t - d r a g  r a t i o s  of 2, 1, and 1/2 are about 8 O ,  16.3O, and 2 6 O ,  
respectively . 

Without the addition of skin f r i c t i o n ,  t h e  same 

decreases and t h e  angle of a t t a c k  (L/D),, 

The semivertex angles f o r  

L i f t  at  maximum l i f t -drag rat io . -  The var ia t ion  of t h e  l i f t  coef- 
f i c i e n t  at  t h e  point of maximum lift-drag r a t i o  is given i n  figure 15 
f o r  cones having various semivertex angles. The lift coef f ic ien t  at 
(L/D),, increases with increasing cone semivertex angle and reabhes 

e 
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a maxhum of almost 0.5 f o r  a 28O semivertex angle cone, and decreases 
rapidly thereaf ter  t o  zero f o r  a 45O semivertex angle cone. The use of 
e i the r  the  base area of the  volume t o  the  power of 2/3 as reference area 
gave similar trends t o  those shown i n  f igure 15 where the  planform area 
was used; however, the  calculated curves a t ta ined  maximum values at 
lower cone semivertex angles of approximately 21' and 26' f o r  base area 
and volume t o  the power of 2/3, respectively.  

Lift-drag r a t i o  at  CL -.- Also presented on f igure  15 are the  
values of L/D taken at  the  point of CL,- f o r  various semivertex 

angles. The values of L/D remain r e l a t ive ly  constant f o r  cone semi- 
vertex angles up t o  approxhately 20' and then decrease gradually t o  
zero f o r  a 45' semivertex angle. 

Increments of a and CL between (L/D)- and CL -.- "he 
calculated and measured values of t h e  increments of angle of a t tack  and 
l i f t  coefficient between the  values of maximum l i f t -d rag  r a t i o  and maxi- 
mum l i f t  coefficient are presented in f igure 16, and both decrease 
rapidly with increasing semivertex angle. 
of maximum l i f t -drag r a t i o  presented i n  f igure 14, the 
decreases with increasing 6v; therefore,  both the  increments of a and 
CL between (L/D)- and CL,- a l so  decrease with decreasing 

( L / D ) m m .  
give excellent predictions of these increments f o r  the conical bodies 
tes ted .  

As noted i n  the  discussion 
(L/D)- 

The calculated r e su l t s  by use of the  modified Newtonian theory 

Determination of optimum conical lifting-body vehicles.- The fore- 
going study of a ser ies  of conical bodies having semivertex angles up 
t o  45' makes it possible t o  make a first approximation as t o  what con- 
f igurat ion might be optimum based on the parameters CL and L/D which 
a re  two of the  more important force charac te r i s t ics  f o r  reentry t r a j ec -  
tory calculations. 
a 26O semivertex angle. The maximum l i f t  coeff ic ient  occurs f o r  a cone 
having a 24' semivertex angle. The product of the  value of CL at 
(L/D),, and the  value of L/D at  CL,- reaches a maximum f o r  a 
cone having a 23O semivertex angle. 
having a 23' semivertex angle i s  the  best  compromise i n  the  region 
between (L/D)- and CL,-. Such a conical body could be expected 
t o  have a maximum l i f t -d rag  r a t i o  of approximately 0.6 and @u and 
&L between (L/D)- and CL,- of approximately llo and 0.09, 
respectively,  and would have a posi t ive l i f t -curve  slope. The final 
opthum body shape would have t o  be selected on the  bas i s  of allowable 
weight, s i ze ,  and aerodynamic heating, which are c r i t e r i a  beyond the  
scope of the  present paper. 

"he maximum l i f t -curve  slope occurs f o r  a cone having 

This result indicates  t h a t  the  cone 



. Lift ing Cone-Cylinder Configurations 

Basic cone-cylinder data and theory.- A comparison of the  basic 
experimental longitudinal force character is t ics  and calculat ions made 
through the use of the  modified Newtonian theory (where CP,- - - 1.822) 
i s  shown i n  f igures  17 t o  33 fo r  right c i r cu la r  cone-cylinder configura- 
t ions  having semivertex angles of 5' t o  20' and an afterbody fineness 
r a t i o  of 6. For these data, the  planform area  was  used as reference. 
For those who wish t o  use the  base area as reference the following r a t i o s  
of planform area t o  base area are given: 

2 0 . .  
1 I 

A study of these data shows that the  modified Newtonian theory 
gives excellent predictions of the trends of the l i f t  and drag forces 
with varying angle of a t tack  and the  points within the  angle-of-attack 
range where the maximum l i f t ,  maximum drag, and maximum l i f t -d rag  r a t i o  
occur. In  general, the  accuracy with which the  predicted forces may be 
made on the cone-cylinder configurations studied herein is  superior t o  
t h a t  made by the  same method on the simljle cone e o r i i g w a t i ~ n s .  
resu l t  can be explained by the  f ac t  t h a t  the  cy l indr ica l  portion of the 
cone-cylinder configurations makes up the  l a rge r  portion of the  config- 
uration and t h a t  t he  basic Newtonian o r  impact concept assumes t h a t  the 
shock l i e s  close t o  the  surface as may be seen i n  the  schl ieren photo- 
graphs i n  f igure  21 f o r  the  detached-flow conditions around the windward 
or high-pressure s ide of the cyl indrical  afterbody. As no skin f r i c t i o n  
was taken in to  account, the results of the  l i f t -drag- ra t io  calculat ion 
are much more i n  e r ro r  f o r  the configurations with the higher fineness 
r a t io s ,  but great ly  improve with increasing cone semivertex angle where 
the over-all  e f f ec t s  of the viscous forces are reduced. As expected 
from the study of the  conical-body se r i e s ,  the angle of a t tack  f o r  maxi- 
mum lift-drag r a t i o  increased with t h e  increased drag of the  blunter  
cones, and the point a t  which the maximum l i f t  occurred remained nearly 
fixed. 
at  which they occur is presented i n  f igure 22 f o r  the  se r i e s  of cone- 
cylinder configurations tested. 

This 

A summary of the  maximum l i f t - d r a g  r a t i o s  and the  angle of a t t ack  
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Correlation of Li f t ing  Bodies 

A correlation of both t h e  cone and the  cone-cylinder configurations 
of the present paper i s  shown i n  f igure 23, which makes use of t h e  
relat ions C L , - / C D , ~ ~ ~  and (L/D)- as used and discussed i n  
references 16 and 7. 
correlate  a large var ie ty  of l i f t i n g  bodies, and the  importance of t h e  
r a t i o s  CL,max/CD,min and (L/D)- i n  t h e  minimization of s a t e l l i t e  
reentry acceleration w a s  discussed i n  reference 7. I n  addition t o  t h e  
data of t h i s  investigation, several  points taken from the data  of t he  
spherically blunted r igh t  c i r c u l a r  cones of reference 16 which had nose 
bluntnesses equal t o  0 .2  of t he  base diameter a r e  p lo t ted  i n  f igu re  23. 
When the  lift and drag data f o r  t he  several  models are p lo t ted  as shown 
i n  figure 23, a re la t ive ly  smooth curve, which is  predicted with reason- 
able accuracy by the  Newtonian theory, results. 

This type of p l o t  w a s  used i n  reference 16 t o  

Figure 23 shows t h e  p o s s i b i l i t y  t h a t  i f  experlmental s tudies  of a 
(L/D)- body a re  made up t o  an angle of a t tack  high enough t o  obtain 

the  value of C L , ~ ~  
f igure;  thus, t h e  determination of force charac te r i s t ics  can be made. 

could be approxhated from t h e  curve of t h i s  

CONCLUSIONS 

Analysis of experimental da ta  obtaine from t e s t s  at  a Mach number 
of 6.83 and a Reynolds number of 0.24 x 10 2 per inch made i n  the  Langley 
11-inch hypersonic tunnel on r i g h t  c i r cu la r  cones and r i g h t  c i r c u l a r  
cone-cylinder configurations having an afterbody fineness r a t i o  of 6 
leads t o  t h e  following conclusions: 

1. The Newtonian or impact theory gives excellent predictions of 
trends of the force charac te r i s t ics  of a l l  configurations t e s t e d  and t k . e  
locations with respect t o  t h e  angle of a t tack  of t he  points of maximum 
lift, maximum drag, and maximum l i f t - d r a g  r a t i o .  Generally, t he  calcu- 
l a t ions  by the Newtonian concept predict  t he  experimental r e s u l t s  with 
greater  accuracy f o r  those configurations having the  higher fineness 
r a t io s ,  par t icular ly ,  f o r  those configurations where the  windward shock 
l i e s  close t o  the body surface.  

2. For a change of 1' i n  angle of a t tack  of conical bodies, e i t h e r  
t he  Newtonian o r  exact theory gives excellent predictions of t he  sign 
and magnitude of the  i n i t i a l  l i f t -curve slope. 
predictions and the  experimental data give values of t h e  l i f t -curve  
slope t h a t  are negative f o r  cones having semivertex angles of 45' and 
greater .  

Both t h e  t h e o r e t i c a l  
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. 3. For those cones having semivertex angles between 0' and Po, a 
cone having a semivertex angle of approximately 26' exhib i t s  the  highest 
posit ive value' of i n i t i a l  l if t-curve slope. 

4. A gradual change i n  the  shock-profile shape adjacent t o  the body 
surface from s t r a igh t  t o  curved takes place over the  angle-of-attack 
range near the maximum l i f t  coeff ic ient .  The maximum l i f t  coeff ic ient  
i s  essent ia l ly  constant at a value of approximately 0.5 based on plan- 
form area f o r  cones having semivertex angles up t o  approximately 30'. 
The angle of a t tack at which the  maximum l i f t  occurs i s  predicted rea- 
sonably well by e i t h e r  the Newtonian theory o r  by the  empirical r e l a t ion  
which states t h a t  the  sum of the  angle of a t t ack  at  which the maximum 
l i f t  occurs and the cone semivertex angle is  equal t o  5 6 O .  

5. The maximum l i f t -d rag  ra t io  t h a t  m y  be expected f o r  a cone i s  
not greater  than about 3.5 and this  value might be expected f o r  slender 
cones having semivertex angles of l e s s  than 5'. The semivertex angles 
f o r  maximum l i f t -d rag  r a t io s  of 2, 1, and 1/2 a re  about 8O, 1 6 . 5 O ,  and 
2 6 O ,  respectively. 

6. The increments of angle of a t t ack  and l i f t  coeff ic ient  between 
the  maximum l i f t -d rag  r a t i o  and the maximum l i f t  coeff ic ient  fo r  conical 
bodies decrease rapidly with increasing semivertex angle and decreasing 
maximum l i f t -d rag  r a t i o  and a re  w e l l  predicted by the modified Newtonian 
theory. 

7. Based on the values o f  the l i f t  coeff ic ient  and the lift-L-ag 
r a t i o ,  the optimum conical l i f t i n g  body within the l imi t ing  semivertex- 
angle range of 0' t o  45' has a semivertex angle of 23' and could be 
expected t o  have a maximum l i f t -drag  r a t i o  of approximately 0.6 and 
increments of angle of a t tack and l i f t  coeff ic ient  between the  maximum 
l i f t -d rag  r a t i o  and the maximum lift coeff ic ient  of approximately 11' 
and 0.09, respectively, and would have a posi t ive l i f t -curve  slope.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  Va., March 17, 1961. 
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Figure 6 .- Longitudinal force characteristics of cone having 10' semi- 
vertex angle. M, = 6.83; R, = 0.841 x 10 6 . 
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Flgure 7. - Longitudinal force charac te r i s t ics  of cone having 15' semi- 
vertex angle. M, = 6.83; %, = 0.684 x 10 6 . 
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Figure 10.- Longitudinal force characteristics of cone having 45' semi- 
vertex angle. M, = 6.83; R, = 0.274 x 10 6 . 
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(a) Cone models having 5' and 10' semivertex angles. L-61-1065 

Figure 11.- Schlieren photographs of right-circular-cone models. 
M, = 6.83. 
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Figure 11. - Continued. 
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Figure ll.- Concluded. 
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Figure 12.- Variation of l i f t -curve slope with cone semivertex angle 
f o r  r igh t  c i rcular  cones. = 6.83. 
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Figure 15.- Variation of lift coefficient at the point of maximum lift- 
drag ratio and lift-drag ratio at the point of madmum lift coeffi- 
cient with cone semivertex angle for right circular cones. M, = 6.83. 
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Figure 16.- Variation of t h e  increments of angle of a t t a c k  and l i f t  
coeff ic ient  between (L/D)max and CL,- with cone semivertex 
angle f o r  r i g h t  c i r cu la r  cones. M, = 6.83. 
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Figure 18.- Longitudinal force characteristics of a cone-cylinder 
configuration having a loo semivertex angle and an afterbody 
fineness ratio of 6. M, = 6.83; R, = 1.15 x lo6. 
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Figure 19.- hng i tud ina l  force cha rac t e r i s t i c s  of a cone-cylinder 
configuration having a 150 semivertex angle and an afterbody 
fineness r a t io  of 6. M, = 6.83; R, = 1.06 x 10 6 . 
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Figure 20.- Longitudinal force characteristics of a cone-cylinder 
configuration having a 20° semivertex angle and an afterbow 
fineness ratio of 6. M,,, = 6.83; &, = 1.01 x lo6. 
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(a )  Cone-cylinder models having 5 O  and 10' semivertex angles.  

Figure 21.- Schlieren photographs of r i g h t  c i r c u l a r  cone-cylinder models 
having an afterbody fineness r a t i o  of 6. I&, = 6.86. 
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(b )  Cone-cylinder models having 15' and 20° semivertex angles.  

Figure 21. - Concluded. 
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