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AERODYNAMIC FORCE AND MOMENT CHARACTERISTICS 

OF s m s  AND CONES AT MACH 7.0 IN 

METHANE-AIR COMBUSTION PRODUCTS 

By L. Rome Hunt 
Langley Research Center 

A n  investigation has been conducted i n  the 7-inch Mach 7 p i l o t  tunnel a t  
the Langley Research Center t o  es tab l i sh  the  va l id i ty  of aerodynamic forces  
measured i n  a test  medium composed of t he  combustion products of a methane-air 
reaction. The r e su l t s ,  which include the  drag charac te r i s t ics  of spheres, the  
longitudinal charac te r i s t ics  of sharp andblunt  slender cones, and the  center- 
of-pressure locations f o r  these cones, a r e  compared with r e s u l t s  obtained from 
similar configurations tes ted  i n  a i r  and helium mediums. The data, presented 
i n  the form of aerodynamic force and moment coefficients,  agree with r e s u l t s  
obtained i n  air and helium i n  both the general t rend and the  magnitude. 
n o m l - f o r c e  and pitching-moment correlat ion factors  derived from Newtonian 
flow theory are found t o  be adequate f o r  predicting r e su l t s .  

Also, 

INTRODUCTION 

Considerable emphasis i s  being placed on the development of ground-test 
f a c i l i t i e s  which w i l l  simulate as many of the  environmental conditions of 
hypersonic f l i g h t  as possible. 
employed as the t e s t  medium t o  a l l ev ia t e  par t icular  problems associated with 
the simulation. A t  the  present time, helium and nitrogen are  commonly used as 
test  mediums i n  aerodynamic and fluid-mechanic ground-test f a c i l i t i e s  t o  avoid 
l iquefact ion and t o  achieve high Mach numbers. 
combustion-products gas as a hypersonic t e s t  medium has been considered since 
such a gas permits a simple achievement of the proper gas energy l e v e l  f o r  
f l i g h t  simulation at  the low end of the hypersonic speed range. 
i s  readi ly  adaptable t o  la rge  t e s t  f a c i l i t i e s  f o r  which other types of energy 
addition systems would not be p rac t i ca l  because of large mass-flow rate 
requirements. 

I n  many instances gases other than a i r  are 

The use of Eethane-air 

The process 

Because the  thermodynamic, transport ,  and flow properties of combustion 
products and air d i f f e r  considerably, it i s  necessary t o  evaluate any d i f f e r -  
ences i n  aerodynamic data which may r e su l t  from the  use of combustion products 
as a t e s t  medium. In  reference 1 resu l t s  from t e s t s  of the aerodynamic loading 



and heating to hemisphere-cylinders and bluff afterbodies in such combustion 
products are presented and compared with results from similar investigations 
in which air is the test medium. The present paper presents the aerodynamic 
forces and moments for spheres and cones as measured in the combustion-products 
test medium. 
9000 R ( 1 8 9 0 ~  K), a nominal Mach number of 7.0, and a stream Reynolds number 
per foot (per 0.305 meter) of 1 X 106 with the exception of the sphere test, 
for which the Reynolds number per foot was varied over a range between 
0.4 x lo6 and 1.5 X 106. 
tests of similar shapes in air and helium and, where possible, with theory. 

The tests were conducted at a stagnation temperature of about 

The results are compared with results obtained from 

a 

SYMBOLS 

The units used for the physical. quantities defined in this paper are given 
both in the U.S. Customary Units and in the International System of Units (SI). 
Factors relating the two systems are given in reference 2. 

A reference area, sq in. (sq cm) 

CA 

CD 

axid-force coefficient, hi* force 
SA . 

drag coefficient, Drag - 
SA 

lift coefficient, Lift 
SA CL 

Pitching moment 
qAZ 

Cm pitching-moment coefficient, 

CN 

d maximum diameter of model, in. (cm) 

2 characteristic length, in. (cm) 

L/D lift-drag ratio 

M Mach number 

R Reynolds number 

P pressure, psia (MN/m2) 

9 free-stream dynamic pressure, psi (N/cm2) 

T temperature, OR ( O K )  



distance along cone center line from projected cone apex to center 
of pressure, in. (cm) 

CP 

- 
X distance along cone center line from projected cone apex to centroid 

of planform area, in. (cm) 

U angle of attack, deg 

0 semivertex angle of cone, deg 

planform-area ratio, ratio of blunted-cone planform area to sharp- 
cone planform area 

5 

II normal-f orce correlating factor (eqs. (4) and (5) ) 

JI nose bluntness ratio, ratio of spherical nose radius to cone base 
radius 

Subscripts: 

1 

2 

condition immediately forward of normal shock 

condition immediately behind normal shock 

d maximum diameter 

1 characteristic length 

t stagnation value 

W wall value 

APPARATUS AND TESTS 

Models 

The sphere and cone configurations used in the investigation (fig. 1) were 
The SUT- soli& (or thick wall) models constructed of type 416 stainless steel. 

face of the models was polished to a finish of approximately 16 microinches 
(0.406 pm) root mean square. 

Sketches showing the sphere models a r e  presented in figure l(a). 
diameters of the spheres varied from 0.50 t o  1.50 inches (1.27 to 3.81 cm) . 
Two model-support designs were employed: 
structed with a stub support and in the other design the spheres were con- 
structed with an extended support. 
the sphere diameter were varied to detect possible support interference on force 
measurements. 

The 

In one design the spheres were con- 

The support length and diameter relative to 

3 
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Sketches of the  cone models a re  presented i n  f igure l(b). A l l  four cones 
had a base diameter of 2.00 inches (5.08 cm). 
vertex angles of loo,  l5', and 20' were fabricated with a sharp nose radius of 
0.031 inch (0.079 cm) . 
spherically blunted nose with a radius of 0.438 inch (1.112 cm) . 

Three of the cones with semi- 

The fourth cone with a semivertex angle of loo had a 

. 5 0  i n .  
( 1 . 2 7  c m )  

r-( 2 . 0 0  5.08 crn;;- i n .  

L . 5 0 - i n .  ( I . 2 7 - c m )  dram 

2 . 0 0  i n .  k ( 5 . 0 8  cm) I 

( . 3 1 7  cm) (.I335 c m )  

. 7 5 - i n .  ( I . 9 0 - c m )  d i a m  

I 2 .00  i n .  t - ( 5 . 0 8  cm) 

( . 3 1 7  cm) ( . 6 3 5  cm) 
L l . 5 0 - i n .  ( 3 . 8 1 - c m )  d i a m  

c 1 . 0 0  i n .  ( 2 . 5 4 - c m )  d i a m  

(a) Spheres. 

Figure 1.- Details of models tested 

i n .  
cm) 

.31  i n .  
( . 7 8 7  c m )  



2.00 i n .  
( 5 . 0 8  cm) 

. 0 3 1 - i n .  ( .079-cm)  r a d  

----I 3.732 in.- 
( 9 . 4 7 9  cm) 

7 2 . 0 0  

( 5 . 0 8  

. 0 3 1 - i n .  ( . 0 7 9 - c m )  r a d  

1 2.00 

( 5 . 0 8  

1 
1 2.00 

( 5 . 0 8  

1 

i n .  
cm ) 

i n .  
cm) 

L . 0 3 1 - i n .  ( .079-cm) r a d  

/ 

2.00 i n .  .-\ (5.08 cm) 
/ _--- 

‘.438-in. ( I .  I12-cm)  r a d  

(b) Cones. 

Figure 1.- Concluded 
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Instrumentation 

The aerodynamic forces of the models were measured with e l e c t r i c a l  s t r a in -  
The drag forces of the  sphere models were indicated by the out- 

Inasmuch as the t e s t  

gage balances. 
put of a single-component balance ( f ig .  2 ( a ) ) .  
s t i ng  balance protected from the t e s t  stream by a shield. 
duration required f o r  the force measurements of the spheres w a s  short  (of the 
order of 6 seconds), no balance cooling w a s  employed. Care w a s  taken t o  note 
any post tes t  zero s h i f t s  which may have resul ted from heat f l ux  t o  the  balance. 

This balance w a s  an external  

A x i a l - f o r c e  b a l a n c e  

L . 7 0  i n . ( 1 . 7 8  cm) 
B a l a n c e  s h i e l d  k 

(a) Assembly for sphere. 

d = 2.00 ln. ( 5 . 0 8  Cm) 

7 T h r e e - c o m p o n e n t  f o r c e  b a l a n c e  

W a t e r  c o o l e d  s h i e l d  a n d  a d o p t e r  
Cane m o d e l  

P r o j e c t e d  a p e x  Electrical c e n t e r  o f  b a l a n c e  

l n s u l a t l n g  m a t e r i a l  

(b) Assembly for cone. 

Figure 2.- Model-balance assembly. 
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For the cone tests a three-component force balance was used to measure 

In addition, spacers 
the normal and axial forces and the pitching moment (fig. 2(b)). 
shield and adapter were water cooled for these tests. 
made of an insulating material were used to inhibit heat conduction from the 
model to the balance. 

The balance 

The base pressure of the cones was measured with a single, open-end tube 
positioned to face upstream and located near the cone support sting and base. 
(See fig. 2(b).) 
transducer. No base pressure measurements were made for the sphere drag tests. 
The outputs from the strain-gage balances, the base pressure transducer, and 
the tunnel reference instrumentation were recorded continuously by using either 
the Langley central digital data recording facility or oscillographs. 

This pressure was indicated by the output of a pressure 

Facility 

The tests were conducted in the 7-inch Mach 7 pilot tunnel at the Langley 
Research Center. This facility is a hypersonic blowdown tunnel with a high 
energy level obtained by burning a mixture of methane and air under pressure. 
The resulting combustion gases are expanded through a nozzle for use as the 
test medium. A drawing of a portion of this tunnel is shown in figure 3 .  Air, 
introduced at pressures up to 2300 psia (15.8 MN/m*), is mixed with methane and 
burned in the combustion chamber. The combustion gases are then expanded to a 
nominal Mach number of 7.0 by use of an axisymmetric contoured nozzle. The 
gases flow through the free-jet test section and the straight-tube diffuser 
into the single-stage air ejector (not shown in the drawing) which pumps the 
mixture into the atmosphere. Detailed total-temperature and pitot-pressure 

7 Test-section housing 

Test section 

Model pitch cylinder 

Figure 3.- Nozzle and test section of 7- inch Mach 7 pilot tunnel  at the Langley Research Center. 
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surveys of the test region made just prior to the force tests indicate that 
over a core diameter of about 3 inches the total temperature and pitot pressure 
vary about i2 percent. 
stream dynamic pressure of less than +2 percent. The thermodynamic, transport, 
and flow properties of the gas used in the reduction of the present data are 
determined by the methods discussed in reference 3. 

This variation corresponds to a variation in free- 

Tests 

All tests were conducted at a stagnation temperature of approximately 
%0Oo R (18900 K). 
2150 psia (3.66 to 14.82 MN/m2) in the sphere tests to provide a variation in 
Reynolds number, but the stagnation pressure was held constant at a nominal 
value of 1000 psia ( 6 . 9  MN/m2) in the cone tests. 

The tunnel stagnation pressure was varied from 531 to 

The general procedure was to hold the models out of the test region until 
the desired flow conditions were established. The model was then raised into 
the test position with a hydraulically operated lift which required approxi- 
mately 1/4 second to position the model. The model angle of attack was pre- 
determined and fixed. 
The cones, however, were tested at various angles of attack up to 20°. 

All the spheres were tested at an angle of attack of 00. 

Accuracy of Data 

The estimated accuracies of the experimental coefficients and angle of 
attack are indicated in the following table (the estimates in this table corre- 
spond to an error in tunnel dynamic pressure of 5 percent and an error in the 
measured forces and moments of tl percent of balance-rated loads) : 

Sphere drag coefficient . . . . . . . . . . . . . . .  f0.02 
Cone normal-force coefficient . . . . . . . . . . . .  fO.01 
Cone axial-force coefficient . . . . . . . . . . . .  20.01 
Cone pitching-moment coefficient . . . . . . . . . .  fO.01 
Angle of attack, deg . . . . . . . . . . . . . . . .  f0.l 

RESULTS AND DISCUSSION 

The data were reduced to the conventional coefficients CN, CA, &, CL, 
and CD. 
maximum cross-sectional area for the spheres and the area defined by 
for the cones. In this expression, 2 is the characteristic length (fig. 2(b))  
and 8 is the cone semivertex angle. The pitching-moment coefficients are ref- 
erenced to the projected apex of the cone. 

The reference area used in deriving the coefficient values was the 
22tan 8 
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Sphere Drag 

1 
2 
3 
4 
5 

The t e s t  conditions and experimental results from the sphere t e s t s  a r e  
presented i n  t ab le  I. 
a ture  and pressure, the stream Mach number, the Reynolds number forward and 
behind the  normal portion of the bow shock i n  f ront  of the spheres, and the  
drag coeff ic ient .  

Included i n  the tab le  are the tunnel stagnation temper- 

$60 2033 549 3.78 6.89 1.59 x lo4 3.46 X lo3 0.941 
3510 1950 954 6.58 6.97 2.59 5.39 .937 
$00 1889 923 6.S 7.01 2.82 5.78 1960 
3320 1844 1437 9.91 7.10 4.39 8.80 .933 
3550 1972 2150 14.82 7.09 5.94 10.9 .958 

TABLE I. - PERTINEPT IA4U FROM DRAG TEST OF SPHERES 

6 j480 1933 
7 $70 1928 
8 $70 1928 
9 $40 l 9 l l  

I d = 0.50 in. (1.27 cm) I 

549 3.78 6.96 2.56 X lo4 5.35 X 103 0.967 
923 6 . S  7.00 4.15 8.31 .931 

1435 9.89 7.04 6.10 12.3 .927 
2140 14.75 7.13 9.06 18.2 .937 

10 
ll 

3560 1978 549 3.78 6.91 2.51 X lo4 5.37 X l o3  0.957 
$80 1933 1425 9.83 7.04 6.13 12.3  .925 

I d = 1.50 in .  (3.81 cm)" I 

~~ 

12 9 4 g O  1939 
1 3  $60 2033 
14 S Y  2017 
15 $30 2017 
16 3520 1955 

549 3.78 6.96 3.$ x 104 6.95 x 103 0.9% 
6.44 6.91 5.18 10.9 .933 

5.18 10.9 .944 
934 
9% 6.47 6.93 

2140 14.75 7 . l l  1.17 24.4 .%-1 
1448 9.98 6.98 7.94 16.8 .93l  

A comparison of the  drag coeff ic ients  of the  present t e s t  with t h e  r e s u l t s  
obtained from t e s t s  i n  air ( re fs .  4 t o  8) i s  presented i n  f igure 4. 
coeff ic ient  r e s u l t s  taken from the references a re  plot ted as a function of Mach 
number. The drag coeff ic ient  obtained from the modified Newtonian theory i s  
a l so  presented. 
large,  the var ia t ion of sphere drag coefficient with Mach number i s  f a i r l y  well 
defined by the  data  from references 4, 5 ,  and 6. 
10 the drag coeff ic ient  i s  essent ia l ly  independent of Mach number, as indicated 
by the data from reference 6. 
ment with the  data obtained from t e s t s  i n  air. 
coeff ic ient  data and those of reference 8 are s l i g h t l y  higher than both the  
general l e v e l  of the other experimental data and the  theore t ica l  value. The 
higher drag-coefficient values for  the data of reference 8 are  a t t r i bu ted  t o  
low Reynolds number e f fec ts .  
t e s t s  a r e  considerably lower than those f o r  references 4, 5 ,  and 6, low 
Reynolds number e f f ec t s  a r e  assumed t o  account f o r  the higher drag coeff ic ients  
obtained i n  the  present t e s t s .  

The drag- 

For the  flow conditions for which the  Reynolds number i s  

Between Mach numbers 4 and 

In  general, the present data a re  i n  fair  agree- 
However, the present drag- 

Inasmuch a s  the Reynolds numbers f o r  the  present 

17 
18 
19 

9 

360 1922 531 3.66 6.97 4.99 X lo4 10.3 x 103 0.957 
3575 1985 934 6.44 6.96 7.85 16.8 .950 
56Y 2017 1445 9.96 7.04 l l . 7  24.6 .933 
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Mach n u m b e r ,  M I  

Figure 4.- Variation of sphere drag coefficient with Mach number from numerous nonviscous ballistic 
and wind-tunnel tests. 

I n  order t o  examine the  Reynolds number e f f ec t s  on the sphere drag, the  
present data a re  plot ted i n  f igure 5 as a function of the Reynolds number 
based on conditions immediately behind the  normal shock. The three curves i n  
th i s  figure a re  empirically determined curves from reference 8, which i n  turn 
were based on the expe rhen ta l  r e s u l t s  of references 6, 8, and 9, together 
with other experimental r e su l t s .  These curves represent the var ia t ion of t he  
sphere drag coeff ic ient  with Reynolds number f o r  three wall-temperature r a t io s .  
Hypersonic data from references 6, 7, and 8 as well as the  low Reynolds number 
r e su l t s  f o r  r a t i o s  of w a l l  temperature t o  stagnation temperature of 1.00 and 

l e s s  than 105, the drag coeff ic ient  increases with an increase i n  the r a t i o  of 
wall temperature t o  stagnation temperature and with a decrease i n  Reynolds 
number. 
i n  good agreement with the empirical curves. 
and 5 indicate t h a t  any ef fec t  of support interference on the  drag data  i s  
negligible f o r  the present t e s t s .  

0.26 from reference 9 a re  p lo t ted  i n  f igure  5 .  For flow i n  which Rd,2 i s  

When compared on the basis of Reynolds number, the present data a re  
The r e s u l t s  p lo t ted  i n  f igures  4 
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Cone Forces and Moments 

The data obtained from the force tests of t he  cones a re  tabulated and 
presented i n  table  11. Included i n  t h i s  table are the cone angles of attack, 
t he  tunnel stagnation conditions, and the stream Reynolds number based on the  
cone character is t ic  length f o r  each tes t  run. 
CN, CA, Cm, CL, CD, and L/D. 

Also  tabulated are values of 

TABLE 11.- PERTINEEPP DATA FROM FORCE TESTS O F  CONES 

- 

1 0.50 
2 5.25 
3 9.56 
4 15.15 
5 20.33 

6 0.50 
7 5.63 
8 10.00 
9 15.17 

10 20.25 

-~ 

11 0.33 
1 2  .33 
ij .60 
14 5.67 
15 10.00 
16 15.02 
17 20.33 

1022 
1872 

1028 
1021 
1027 
1033 
1025 
-~ 

8 = loo, 1 = 5.67 i n .  (14.4 c m ) ,  $ = 0.031 
7-- ~~ ~ 

7.09 2.72 X lo5 0.0152 0.1478 
7.04 2.72 .1473 .1544 

7.12 2.78 .%9 .lo79 
7.08 2.70 .%69 .1663 

7.07 2.70 . 5 y 2  

e = 200, 1 = 2.75 i n .  (6.98 c m ) ,  t = 0 

~ ~- 

-1- 

-0.0115 0.0139 
-.lo52 .l315 
-.1902 .2339 
-.2828 .3$0 
-.3772 ,4226 

e E loo, 1 = 5.67 i n .  (14.4 c m ) ,  y = 0 . 4 9  

0.3201 
.j222 
.j266 
.3416 
. 9w 
.4699 
,5885 

~ 

0.159 
1.350 
1.695 
1.626 
1.416 __ 

__ 
0.0937 

1.114 
.782 

1.176 
1.086 __ 

0.0310 
.02$ 
.03% 

.7180 

.837C 

.809: 

,4718 

7.05 
7.01 
7.03 - ~ 

0.0076 
.323z 
.573  
. 8ll'i 
,8845 

~ 

The force and moment coeff ic ients  and the  l i f t -d rag  r a t i o  f o r  the  sharp 
nose cones with loo, l5O, and 20° semivertex angles are p lo t ted  as a function 
of angle of a t tack  i n  figure 6. Also p lo t ted  i n  f igure 6 are the r e s u l t s  from 
references 10, 11, and 12, obtained from tests  i n  air and helium. The dashed 
curves i n  the figure represent results from Newtonian theory plot ted from the  
tabulated values of reference 13. 
cients  ( f ig .  6(a)) ,  the pitching-moment coeff ic ients  ( f ig .  6 (c ) ) ,  and the  lift 
coefficients ( f ig .  6 (d) )  obtained from t e s t s  i n  combustion products, air, and 
helium agree within experimental accuracy among themselves, and they a l so  agree 
with the Newtonian theory. The axial-force coeff ic ients  ( f ig .  6(b))  and drag 
coefficients ( f ig .  6 (e) )  a l so  agree f o r  the  various tes t  mediums; however, the  
Newtonian theory prediction i s  below the  experimental results primarily because 
of viscous effects .  In  order t o  include the  viscous drag e f f ec t s  i n  the theo- 
r e t i c a l  prediction, skin-friction coeff ic ients  computed by the  reference t e m -  
perature method as outlined i n  reference 1 4  are used. Newtonian theory modi- 
f i e d  t o  include viscous e f fec ts  i s  represented by the  so l id  curves i n  f ig -  
ures 6(b) and 6(e)  f o r  angles of a t tack  near 00. 
theoret ical  prediction and experimental r e s u l t s  are i n  c loser  agreement when 
viscous e f fec ts  are  included. 

A s  can be seen, the  normal-force coeff i -  

A s  would be expected, t he  

12 
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(a) Normal-force coefficient. 

(b) Axial-force coefficient. 

of semivertex angles of 100. 15O, and no. 
Figure 6.- Variat ion of force and moment coefficients and lift-drag ratio wi th  angle of attack for sharp nose cones 
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( c )  Pitching-moment coefficient. 

Figure 6.- Continued. 
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Figure 6.- Concluded. 

The results obtained from tests of the blunt and sharp loo cones in the 
combustion-products medium are compared with other results obtained from tests 
of similar configurations in air and are presented in figure 7 as a function of 
cone bluntness for several angles of attack. The solid curves are the results 
of reference 15 cross-plotted to give a comparison at each angle of attack. 
Sharp-cone results of reference 10, which were obtained from tests in air, are 
also presented in figure 7. The normal-force-coefficient, pitching-moment- 
coefficient, and lift-coefficient comparisons shown in figures 7(a), 7(c), and 
7( d), respectively, indicate very good agreement between present results and 
the results of reference 15. The axial-force-coefficient and drag-coefficient 
comparisons in figures 7(b) and 7(e) a l s o  indicate good agreement, although, 
in general, the data of reference 15 are slightly higher than both the present 
results and the results of reference 10. 
of references 10 and 15 were obtained from tests having the same general 
Reynolds number level. 

The present results and the results 
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Normal-force correlation.- An attempt was  made t o  correlate  t h e  normal- 
force resu l t s  of the present tes ts  with r e su l t s  of other references by using an 
analysis similar t o  that suggested i n  reference 16. I n  the  analysis of refer- 
ence 16, Newtonian theory i s  used t o  correlate  the normal-force coefficient i n  
terms of the  angle of attack, the  semivertex angle, and the  degree of spherical  
bluntness of the  cone. This analysis involves r e s t r i c t i v e  assumptions which 
make it inapplicable t o  the  present tests.  
on Newtonian theory; however, i n  t h i s  paper, the normal-force coeff ic ient  i s  
assumed t o  be proportional t o  the sine squared of the loca l  flow angle along 
the  windward side of the cone. 
accounts f o r  only the  windward normal force can be expressed by the  r e l a t ion  

The present analysis i s  a l so  based 

Therefore, the normal-force coeff ic ient  which 

I n  t h i s  re la t ion,  i s  the planform-area r a t i o  which i s  used t o  adjust  t he  
normal-force coeff ic ient  t o  the  proper reference area as defined previously. 
A n  expression f o r  the normal-force coeff ic ient  which accounts f o r  only the  lee- 
ward normal force i s  obtained i n  the  same manner as that used t o  obtain rela- 
t i on  (1). 
yie lds  

5 

Combining the windward normal force and the  leeward normal force 

Relation (2) can be reduced t o  

cN a I: s i n  28 s i n  2a ( 3) 

I n  using re la t ions  (1) and ( 3 ) ,  the  leeward normal-force component i s  assumed 
t o  be negligible when the cone angle of a t tack  i s  greater than the cone semi- 
vertex angle. The correlating factor  7 i s  defined as follows: 

7 = 5 s i n  28 s i n  2a (4) 

i and f o r  a 2 0 

The normal-force results from the  present tes ts  and those from refer- 
ences 12, 15, and 17 are presented as a function of 7 i n  f igure  8. The curve 
i n  t h i s  f igure i s  derived from the Newtonian theory (ref.  13) and indicates 
t ha t  the normal-force coefficient i s  l i nea r  with 7 .  
correlation i s  very good, par t icu lar ly  f o r  t he  results from sharp-cone tes ts .  

A s  can be seen, t he  

20 



. 
The results from blunt-cone tests fall below the Newtonian prediction; thus the 
leeward normal-force component acting on the spherically blunted nose is prob- 
ably underestimated in the present analysis. A linear empirical. equation which 
defines CN as a function of cone semivertex angle, nose bluntness, and angle 
of attack is derived from figure 8 and is as follows: 

In general, the correlation of the normal-force results is good and the present 
results agree with the results obtained in air. 
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Figure 8.- Normal-force correlation wi th  two relations derivedfrom Newtonian theory for sharp and b lunt  cones. 

Cone center of pressure.- Knowledge of the location of the center of pres- 
sure is helpful in correlating pitching-moment data with normal-force data. 
The pitching-moment coefficient is equal to the product of the normal-force 
coefficient and the center-of-pressure distance parameter; that is, 

For sharp cones, the location xcp is defined by Newtonian theory as 
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. 
where 
vertex angle. (See discussion of center-of-pressure location i n  refs. 11 
and 15.) For the evaluation of the  center-of-pressure locations f o r  t he  pres- 
ent cones, the value 2/3 i n  equation (8) i s  replaced by the  geometric centroid 
parameter. Equation (8) becomes 

xcp i s  independent of angle of a t tack but dependent on the  cone semi- 

The center-of-pressure locations fo r  sharp cones are plot ted as a function 
of angle of a t tack  i n  f igure 9. 
data of reference 11 (sol id  symbols) and with Newtonian theory (eq. (9 ) ) .  
experimental data support the prediction of equation (9) t h a t  the  center of 
pressure i s  independent of the  cone angle of attack. 
noted for  the blunt cone. 

The present data agree with the  experimental 
The 

Similar trends are a l so  
(See f i g .  10.) 
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In order to correlate the pitching-moment coefficient with the normal- 
force coefficient, the following equation, which is obtained from equations (7) 
and 

The 
sem 

( 9 ) ,  was used: 

- 
C, = cN 5 set% 

2 

correlation is presented in figure 11. The results for cones of various 
vertex angles and nose bluntnesses obtained from the present tes s and from 

references 12 and 15 are shown. A s  can be seen in figures 9,  10, and 11, the 
center-of-pressure locations for cones tested in both combustion-products and 
air test mediums agree and are accurately predicted by theory. 
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distance from center-of-pressure location to projected apex for sharp and b lun t  cones. 
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CONCLUDING REMARKS 

Aerodynamic force t e s t s  i n  which the combustion products of a methane-air 
reaction i s  used as the t e s t  medium have been conducted on spheres and cones i n  
the  7-inch Mach 7 p i l o t  tunnel at the Langley Research Center. The r e s u l t s  of 
the  t e s t s  a re  compared with r e s u l t s  obtained from t e s t s  of similar models i n  
air  and helium t e s t  mediums and, where possible, with theory. The comparisons 
made include the drag charac te r i s t ics  of spheres, the longitudinal character- 
i s t i c s  of sharp and blunt slender cones, and the center-of-pressure locat ions 
f o r  these cones. 

I n  general, the  nondimensionalized coeff ic ients  computed from measurements 
obtained i n  the  combustion-products t e s t  medium agreed well with r e s u l t s  pre- 
viously obtained i n  air  and helium t e s t  mediums. 
obtained i n  the combustion gases agreed with those values determined i n  other 
experimental studies which considered both the pressure and viscous e f f ec t s .  
The present results f o r  the  sharp nose cone agreed with r e su l t s  obtained from 
similar  models tes ted  i n  air, and they were adequately predicted by Newtonian 
theory with the exception of the  axial-force and the  drag coeff ic ients .  
these two coeff ic ients ,  account had t o  be taken of viscous e f f ec t s  before 
acceptable agreement with theory could be achieved. 
r e s u l t s  presented f o r  the blunt cone a l so  agreed with other previously obtained 
experimental resu l t s .  
from the present t e s t s  agreed w i t h  those calculated from Newtonian theory and 
w i t h  those obtained from previous t e s t s  i n  air. 
pitching-moment coeff ic ients  f o r  a l l  cone semivertex angles and degrees of nose 
bluntness presented were successfully correlated by use of Newtonian theory. 

The sphere drag coeff ic ients  

For 

The present experimental 

The center-of-pressure locations for the cones obtained 

Also, normal-force and 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va . ,  February 16, 1965. 
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