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AEROJXNAMIC CHARACTERISTICS OF 

RAKED-OFF CIRCULAR AND ELLIPTICAL CONES AT A 

MACH NUMBER OF 20 IN HELIUM 

By John K. Molloy 
Langley Research Center 

SUMMARY 

A n  experimental investigation of the longitudinal and lateral directional 
aerodynamic characteristics of a new vehicular concept suitable for earth entry 
at hy-perbolic speeds has been conducted in helium at a Mach number of approxi- 
mately 20 and at Reynolds numbers ranging from 0.30 x 106 to 0.72 x 106. The 
configurations consisted of raked-off sharp circular cones and a raked-off 
sharp elliptical cone. In this investigation, the cone semivertex angles and 
rake-off angles ranged from 35' to 45' and from 31' to 6 8 O ,  respectively; as a 
result, lift-drag ratios ranging from 0.40 to 0.80 were obtained at an angle of 
attack of 0'. The experimental aerodynamic characteristics were compared with 
the predictions of Newtonian theory. Newtonian theory underpredicted the longi- 
tudinal characteristics by not more than 10 percent for the raked-off circular 
cones and by approximately 16 percent for the raked-off elliptical cone. 
Newtonian predictions of the lift-drag ratios were slightly higher for all the 
configurations. The experimental values and the theoretical predictions of the 
lateral-directional characteristics were in very good agreement. Excellent 
agreement existed between the Newtonian and the experimental stability deriva- 
tives. Center-of-gravity locations required for the raked-off circular cones to 
be trimmed and statically stable in the directional mode at an angle of attack 
and angle of sideslip of 0' tended to become unrealistic as the rake-off angle 
was decreased. The raked-off elliptical cone, in which the cone half-angle meas- 
ured in the horizontal plane is greater than the cone half-angle measured in the 
vertical plane, tended to alleviate the aforementioned directional instabilities. 

INTRODUCTION 

A new concept of a vehicle capable of earth reentry at hyperbolic speeds 
has been proposed in reference 1. These configurations, while trimmed at an 
angle of attack of Oo, are capable of minimizing the combined radiative and 
convective heating at hyperbolic speeds and also of producing hypersonic lift- 
drag ratios, which are desirable. (See ref. 2.) In the preliminary investiga- 
tions, two types of configurations are being considered. They consist of a 
right circular cone forebody raked off to produce an elliptical interface which 



is mated to an elliptical cone afterbody, and an elliptical cone forebody raked 
off to produce a circular interface which is mated to a right circular cone 
afterbody. A detailed theoretical study of the aerodynamic characteristics of 
both types of forebodies was performed in reference 3. 

The purpose of this paper is to provide, for several of these forebody 
shapes, experimental hypersonic stability characteristics for comparison with 
the theoretical Newtonian values. In this investigation, five raked-off right 
circular cones and one raked-off elliptical cone were tested. For the raked- 
off right circular cones, the cone angle was held constant and the rake-off 
angle varied and then the rake-off angle was held constant and the cone angle 
varied. 
and from 51° to 6 8 O ,  respectively; as a result, lift-drag ratios ranging from 
0.40 to 0.80 at a = 0' were obtained. 
velocities of approximately 63,000 feet per second (19812 m/s) and this range 
of cone angles, both the radiative and convective heating are minimized. 
ref. 1.) 

The cone semivertex angles and rake-off angles varied from 35' to 45O 

It should also be noted that for entry 

(See 

The tests were performed in helium at a Mach number of approximately 20 and 
6 6 at Reynolds numbers ranging from 0.50 x 10 to 0.72 x 10 based on character- 

istic length D. The aerodynamic characteristics are presented over an angle- 
of-attack range from -4' to 10' at 0' sideslip and over an angle-of-sideslip 
range from -6' to 3' at an angle of attack of 0'. 

D characteristic length 
moment (see fig. 1) 

flD2 reference area, - 4 S 

SYMBOLS 

for yawing moment, rolling moment, and pitching 

CA 

CD 

CL 

CZ 

CN 

Cn 

axial-force coefficient, Axial force 
%S 

drag coefficient, Drag - 
%S 

Lift lift coefficient, - 
%S 

rolling-moment coefficient (about longitudinal axls), 

normal-force coefficient, Normal force 
%S 

Rolling moment 
%OSD 

Yawing moment yawing-moment coefficient (referenced to nose), 
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CAa = 2 per degree 

- per degree 
c 2 P  - ap 

CnP - ap - per degree 

CY 
side-force coefficient, Side force 

%os 

per degree 

c, Pitching moment pitching-moment coefficient (referenced to nose), . 

qc0SD 

Cma = 7 acIn per degree 
& 

lift-drag ratio 

free-stream dynamic pressure 

free-stream Mach number 

free-stream Reynolds number based on D 

angle of attack, degree 

angle of sideslip, degree 

cone half-angle, degree 

cone half-angle measured in horizontal plane, degree 

cone half-angle measured in vertical plane, degree 

rake-off angle, degree 

distance along X-, Y-, and Z-axis, respectively 
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MODELS AND APPARATUS 

The models were constructed of aluminum and were internally bored to 
receive a six-component stral.n-gage balance, which was used to measure the 
forces and moments. A sketch of the configurations and model balance orienta- 
tions are shown in figure l along with a table listing the important physical 
dimensions. As indicated in the sketch of the raked-off right circular cones 
(fig. l(a)), the right circular cone with a semivertex angle of 35O had rake- 
off angles of 6 8 O ,  ?go, and 51°, and the 40° and 45' cones had rake-off angles 
of 59' and 58.65', respectively. 
cone with a representative afterbody, which consisted of an elliptical cone. 
The elliptical cone, shown in figure l(c), had a cone angle of 35O in the ver- 
tical plane, a cone angle of 4 2 O  in the horizontal plane, and a rake-off angle 
of 59'. 
Some photographs of the models are shown in figure 2. 

Figure l(b) illustrates the raked-off 45' 

In figure l(d), a sketch of the model-balance orientation is shown. 

The tests were conducted in the Langley 22-inch helium tunnel with the 
& = 22 contoured nozzle installed. A sketch of the tunnel with the contoured 
nozzle installed is shown in figure 3. A detailed description of this facility 
along with the results of Mach number and flow angularity surveys conducted in 
this nozzle are contained in the appendix of reference 4. 

TESTS AND ACCURACY 

The models were mounted on a sting-supported strain-gage balance. Angles 
of attack and sideslip were measured by using a small prism mounted in the 
shielded rear region of the model to reflect the light from a point source on 
to photoelectric cells, which were set at calibrated intervals. The models were 
continuously rotated in pitch or sideslip and as the reflected light swept past 
each cell, an electrical relay was energized and caused a high-speed digital 
recorder to sample and record the strain-gage outputs on magnetic tape. 

The average test Mach number and Reynolds number for the longitudinal 
stability characteristics was 20.2 and 0.36 x 106 per inch (per 2.54 cm) , 
respectively. 
data were 19.1 and 0.20 x lo6 per inch (per 2.54 cm), respectively. 

The average test Mach number and Reynolds number for the lateral 

The maximum uncertainties in the force and moment coefficients as deter- 
mined from a static calibration of the balance are as follows: 
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Angles of attack and sideslip were known to *0.lo. 
for each test, inasmuch as the reflected light from the prism swept past the 
photoelectric cells twice (in opposite directions) during each run. The differ- 
ence between the two sets of data was within the quoted accuracy of the balance. 
Data presented in this report represent an average of the two sets of data. The 
models were set at 0' in roll and sideslip and rotated continuously in angle of 
attack to obtain the longitudinal characteristics. In order to obtain the 
lateral-directional characteristics, the models were set at 0' in roll and angle 
of attack and rotated continuously in sideslip. Model base pressures were not 
measured and therefore the coefficients are not adjusted to a condition where 
free-stream static pressure acts on the base of the models. 

Two sets of data were taken 

RESULTS AND DISCUSSION 

The theoretical Newtonian aerodynamic characteristics presented in this 
paper were calculated by the methods contained in reference 3. A maximum 
stagnation-point pressure coefficient of 2.0 was used for the theoretical 
Newtonian solutions. Exact inviscid cone solutions are also presented for 
the aerodynamic characteristics of the raked-off circular cones at a = Oo. 

In figures 4 and 5 the experimental and theoretical longitudinal and 
lateral-directional aerodynamic characteristics are presented for a 35' right 
circular cone having rake-off angles 8 of 6 8 O ,  5g0, and 51'. As would be 
expected, a decrease in rake angle is seen to produce an increase in the values 
of lift, drag, and the lift-drag ratio, a more negative value of pitching moment 
and side force, and a more positive value of yawing moment. It should be noted 
that for the particular reference moment location used, the rolling moment is 
zero for these configurations. It may be of interest to note that these same 
trends occur when the projected frontal area is used as a reference area 
instead of 4. IT@ However, when the projected frontal area is used as a refer- 
ence area, smaller changes in CL and CD are to be expected with changes in 
8, although the large variations in L/D with 6 remain unchanged. It can be 
seen from these figures that fair agreement exists between the Newtonian and - 

the experimental longitudinal characteristics (the theory underpredicting the 
experimental values by approximately 10 percent for the worst case). 
predictions of the lift-drag ratios for the raked-off circular cone were usu- 
ally about 4 o r  5 percent higher than the experimental values at 
Newtonian predictions of the lateral-directional characteristics are in very 
good agreement with the experimental values. 

Newtonian 

a = 0'. The 

The solid symbols in figure 4 represent theoretical predictions (at 
a = O o )  of the aerodynamic characteristics obtained by using a pressure coeffi- 
cient determined by exact inviscid cone solutions. These pressure coefficients 
were obtained from reference 5. It can be seen in figure 4 that the theoreti- 
cal aerodynamic characteristics obtained by this method agree with the experi- 
mental values much better than the Newtonian predictions. 

It appeared from the theoretical design analysis that cone angles in the 
range of 3 5 O  to 45O would meet the necessary design requirements; these 
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requirements included minimum radiative and convective heating at hyperbolic 
speeds and adequate L/D values to meet reentry-corridor and trajectory- 
control requirements. 

Therefore, in order to find the aerodynamic effect of cone angle, cones 
having semivertex angles of 350, 400, and 45O were investigated. 
angle was held essentially constant for these configurations, the angle being 
59' for the 35' and 40' cones and 58.65' for the 45' cone. 

The rake-off 

A comparison of the experimental and theoretical longitudinal aerodynamic 
characteristics is presented in figure 6. The Newtonian theory underpredicts 
the experimental values by approximately 10 percent for the worst case, which 
is the e = 45O,S = 58.65' configuration. 

It should be noted that although the lift and drag increase with increasing 
cone angle, the lift-drag ratio remains approximately constant at a = 0'. The . 

raked-off 45' cone has a slightly-higher 
in rake angle (L/D 
different from zero the lift-drag ratios are dependent on the cone angle. 
use of projected frontal area as a reference area instead of 

change in the trends shown in figure 6. 

L/D because of the slight difference 
increases with decrease in rake angle). However, for angles 

The 
- produces no 4 

In order to assure that the presence of an afterbody would not have signif- 
icant effects on the stability characteristics, the raked 45' cone was tested 
with a representative afterbody, as shown in figure l(b). The afterbody con- 
sisted of a right elliptical cone mated to the forebody. The aerodynamic char- 
acteristics of this configuration are contained in figure 6 and are denoted by 
the flagged symbols. It can be seen from this figure that the effect of having 
an afterbody on this particular configuration for this angle-of-attack range 
was negligible. 

The experimental and the theoretical predictions of the aerodynamic char- 
acteristics for the raked-off elliptical cone are presented in figure 7. 
slopes of the experimental and theoretical longitudinal characteristics are in 
good agreement; however, the Newtonian theory underpredicts the experimental 
values by approximately 1-5 percent. Since the experimental values of CL and 

CD are underpredicted by approximately the same amount, the agreement between 
the experimental L/D values and the theoretical values is excellent. It 
should be noted that although the raked-off elliptical cone had a higher lift 
and drag than the raked-off circular cone, the value of the 
lift-drag ratio at a = 0' was approximately the same. The directional sta- 
bility results are presented in figure 7(c). 
that the agreement between the experimental values and the theoretical predic- 
tions is very good. It should also be noted that the agreement between theory 
and experiment is much better for the directional characteristics than for the 
longitudinal characteristics; this result was also obtained for the case of the 
raked-off circular cones. This result was also found in reference 6 which con- 
tains a similar investigation at a lower Mach number. In figure 8, it is shown 
that excellent agreement exists between the Newtonian and experimental values of 

The 

8 = 35O,S = 59' 

It is evident from this figure 



the aerodynamic stability derivatives at 
investigated. 

a = p = Oo for all the configurations 

In order for these configurations to exhibit the minimum heat-transfer 
qualities for which they were chosen, it is necessary that they glide at an 
angle of attack of 0'. 
statically stable and trimmed at 

Therefore it is necessary that the configurations be 
a = p = Oo. 

Figure 9 shows, for each of the configurations investigated, the loci of 
and the limiting center- center-of-gravity positions for trim at 

of-gravity positions (determined theoretically and experimentally) that will 
permit trimmed statically stable flight in the longitudinal or directional 
mode. That is, neutral stability exists at the indicated locations and unstable 
conditions exist when the center of gravity is located rearward of the indicated 
locations. The appendix contains the equations used to determine these 
limiting center-of-gravity locations for trimmed stable flight at a = p = 0'. 
It should be noted that within the angle-of-attack range for which these config- 
urations were tested, all the force and moment coefficients vary linearly with 
a and p. A s  a consequence of this linearity, the longitudinal and direc- 
tional center-of-gravity positions noted in figure 9 will make 
and Cn = CnP = 0, respectively, at any a or p within the linear range. 
The differences shown in figure 9 between the center-of-gravity positions deter- 
mined experimentally and theoretically are due mainly to slight differences in 
the aerodynamic derivatives. It can be seen from figures 9(a) and g(b) that for 
-raked-off circular cones, the necessary center-of-gravity location for trimmed 
stable flight is dictated by the directional stability limit, as the center of 
gravity must be located ahead of the most forward of the two locations given 
and must lie on the dashed line shown, along which trim at 
It is also shown in figure 9(a) that as the rake-off angle is decreased and, 
therefore, L/D is increased, the center-of-gravity requirements tend to 
become unrealistic. That is, it would be very difficult, if not impossible, to 
have the weight of the capsule distributed in such a way that the center of 
gravity would act through a point located so near the front lower face of the 
model. 
directional stability, only the theoretical predictions of the limiting center- 
of-gravity locations for directional stability are shown. (However, it can be 
seen from figure 9(a) that the experimental and theoretical predictions of the 
limiting center-of-gravity locations for directional stability are in good 
agreement.) 
the 3 5 O ,  40°, and 4-5' right circular cones raked off at 3 9 O ,  it can be seen 
that increasing the bluntness of the raked-off circular cones tends to give 
more realistic center-of-gravity positions for directional stability. 

a = p = Oo 

C, = & = 0 

a = 0' is obtained. 

Since the 40' and 45O raked-off circular cones were not tested for 

From a comparison of the limiting center-of-gravity locations of 

Another means of obtaining more realistic center-of-gravity locations for 
directional stability is a raked-off elliptical cone, in which the cone half- 
angle measured in the horizontal plane is always greater than the cone half- 
angle measured in the vertical plane. 
drawn as to how much the directional stability was improved, two of the geo- 
metric properties of one of the raked-off circular cones were chosen (that is, 
e, = 35',S = 59') and then 

In order that a comparison could be 

€Iyy was chosen so that when the elliptical cone 



was raked off at 59O, the mating part of the elliptical forebody was circular. 
(See fig. l(c).) 
limiting center-of-gravity location for directional stability may be seen in 
figure 9(a). 

The improvement that this configuration produced in the 

CONCLUSIONS 

An experimental investigation of the static longitudinal and lateral direc- 
tional characteristics of raked-off right circular cones, and a raked-off ellip- 
tical cone has been conducted in helium at a Mach number of approximately 20. 
A comparison of the experimental results with the theoretical Newtonian predic- 
tions showed the following: 

1. The Newtonian theory underpredicted the longitudinal characteristics by 
not more than 10 percent for the raked-off circular cones and by approximately 
1-5 percent for the raked-off elliptical cone. 

2. Near an angle of attack of Oo, the Newtonian predictions of the lift- 
drag ratios were about 5 percent higher than the experimental values. 

3 .  The Newtonian estimates of the lateral directional characteristics were 
in very good agreement with the experimental values for both the raked-off cir- 
cular cones and the raked-off elliptical cone. 

4. Agreement between the experimental and Newtonian stability derivatives 
at an angle of attack and angle of sideslip of 0' was excellent in all cases. 

5. The center-of-gravity locations that would be required for some of the 
raked-off circular cones to be trimmed and statically stable in the directional 
mode at an angle of attack and angle of sideslip of 0' were unrealistic. 
raked-off elliptical cone tended to alleviate this situation. 

The 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., January 14, 1966. 
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APPENDIX 

EQUATIONS FOR LIMITING CENTER-OF-GRAVITY LOCATIONS 

The center-of-gravity location that will permit the configuration to be 

acm 
act 

trimmed and also to have neutral static longitudinal stability at a = p = Oo 

was determined by requiring that C& = - = 0 about this point. These con- 

ditions lead to the following equations: 

where Cm is the moment about some arbitrary known point. The simultaneous 
solution of these equations yields the following equation for determining 
and 
center-of-gravity position for these conditions: 

x / D  
z/D, which are the dimensionless coordinates for the minimum required 

where x and z are measured from the point about which the pitching moment 
Cm is referenced. When CN, CA, and Cm are linear with a, the values of 
x / D  and z / D  are independent of a. 

The center-of-gravity location that will permit the configuration to be 
a = p = Oo trimmed and also to have neutral static directional stability at 

was determined by requiring that Cn = 0 about this point and that = 0. as 
Since the configuration is symmetric in 

acn - = 0 at an x/D location given by 
aP 
at any z location in a plane parallel 

the x location given by %. If the 

the X , Z  plane, Cn = 0 at p 

A. It should be noted that 

to the Y,Z plane which passes 

curves for the variations of 

crl 

cyP 
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APPENDIX 

and Cn with p are linear, the center-of-gravity location required to have 
the configuration trimmed and directionally stable at an angle of attack and 
angle of sideslip of 0' will be independent of p. 
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Model 8,deg 6,deg D,cm I ,  cm 
I 35 68 5.08 6.48 
2 35 59 5.08 8.89 
3 35 51 3.81 9.86 
4 40 59 3.8 I 6.88 
5 45 58.65 3.048 6.27 

(a) Raked-off c i rcu lar  cone. 

Figure 1.- Sketch of models. 



2,cm 
6.27 

(b) Raked-off circular cone with aflerbcdy. 

Figure 1.- Continued. 

c-l w 



/- 

I- 

Model O,,deg OXy,deg 6,deg D,cm 2,cm 

6 35 42 59 5.08 8.89 

(c) Raked-off elliptical cone. 

Figure 1.- Continued. 



d 
Sting 

(d) Model-balance orientations. 

Figure 1.- Concluded. 

I . .. I. . ...- .. I I . - . I n  . I ._ . . . ... ... .. _ _  _ _  



(a) Raked-off c i rcu lar  cone. L-65-8002 

(b) Raked-off c i rcu lar  cone wi th  afterbody. L-65-8004 

I 

( c )  Raked-off elliptical cone. L-65-8006 

Figure 2.- Photographs of test models. 
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HYDRAULICALLY ACTUATED 

QUICK-OPENING VALV BYPASS LINE TO LOW- 

RETRACTABLE M 
PROTECTION DEV 

Figure 3.- Langley 22-inch helium tunnel. 



8 ,deg RD 
0 68 .72 x IO' 
0 59 .72 x IO6 

- Newtonian theory 
0 51 .54 x IO6 

(a) Variation of CN with a. 

IO 

Figure 4.- Effect of rake-off angle on the longitudinal characteristics of circular cones. Oxz = 35'; M, = 20.2. Solid symbols represent 

exact cone solutions. 
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.E - 

i 

/ 

> 

I 
/ 

RD 
.72 x IO' ~ 

.72 x IO6 

.54 x IO6 
- Newtonian theory I 

(b) Variation of CA with a. 

Figure 4.- Continued. 



(c) Variation of C, wi th  a. 

Figure 4.- Continued. 



T f 

8 ,deg 

0 68 
0 59 
0 51 
-Newtonian 

(d)  Variation of CL with a. 

Figure 4.- Continued. 

1 
-+ 
L- 

T 
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CD 

22 

(e) Variation of CD with a. 

Figure 4.- Continued. 



I E E  
I I I I  

T E E  
8 ,deg RD 

0 68 .72 x IO' 
0 59 .72 x IO6 

-Newtonian theory 
0 51 .54 x IO6 

( f )  Variation of L/D with a. 

Figure 4.- Concluded. 
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RD 

! 

.. . 

Newtonian theory 
40 x106  
4 0 ~ 1 0 ~  - - - - 
.30 x1O6 - - 

/ I  
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/" 
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I 

/ 

,/ 

< 
/' 

/ 
,/ 

i / 
5, 

$ 

7 
, 

/ 

/J .- 

i- 

/ 
/ 

/ 

,' 

/ 

/ 

-4 -2 2 4 6 

(a) Variation of Cn and 5 with p. 

Figure 5.- Effect of rake-off angle on the lateral directional characteristics of c i rcu la r  cones at a = 0'. 0 = 35'; = 19.1. 

.2 

0 cz 

-.2 
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CY 

-6 

I 
I . -- 
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0 

(b) Variation of Cy with p. 

Figure 5.- Concluded. 

RD 
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Newtonian theory 
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8, deg 

0 35 
0 40 
0 45 

8 ,  deg 
59 
59 
58.65 

RD 
72 x lo" 
.54 x IO6 
.44 x IOK 

Newtonian theory 

7 

6 

5 

'A 

3 

2 

I 

(a) Variation of CN, Ck and C, wi th  a. 

Figure 6.- Effect of cone angle on the longitudinal characteristics of raked-off c i rcu lar  cones. & = 20.2. Solid symbols represent exact cone 
solution; flagged symbols represent configuration with afterbcdy. 
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I 

0 35 59 .72 x IO" -- - 
54 x IO6 - - - - - 0 4 0  59 

58.65 44 x IO6 ~ ~~ t 0 45 

(c IO 

7 

6 

5 

cD 

3 

2 

I 

, 

(b) Variation of CL, CD, and L/D with a. 

Figure 6.- Concluded. 
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Cm 

f \  

28 

1 1 

2 

/ 

/* 

I 

/ 

6 8 

3.4 

3.2 

3.0 

CA 

2.8 

2.6 

2.4 

(a) Variation of C,+ CA, and C, with a. 

Figure 7.- Aerodynamic characteristics of a raked-off ell iptical cone. M, = 19.1; R D  = 0.40 X IO6; Qxz = 35'; Oxy = 420; 6 = 59O. 
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2.4 

2.0 

CL 
1.6 

I .2 

.60 

.58 

L / D  

.56 

.54 
-6 

---- 

-I 

/ 

-4 -2 

/ 

/ 

0 

/ 

I- 

--- 

I 

/- 

2 

I ILL 
Newtonian theory 

4 6 

4 .O 

3.6 

3.2 CD 

2.0 

2.4 

8 

(b) Variation of CL, CD, and L/D with a. 

Figure 7.- Continued. 
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\ 

I- 
~ 

Newtonian theory 

-2 2 4 6 

.4 

.2 

O CY 

- .2 

- .4 

(c) Variation of Cn, Cy, and Cl with p. a = Oo. 

Figure 7.- Concluded. 
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. I 

I I I I I I I I I 1 - 
50 5 4  58 6 2  

8 ,  deg  
66 70 

Model 
.-----o I - 

0 3  - 
i 1 2  

A 6  
- Newtonian theory 0 .---------- 

,---- --A) 
C //=e-=-- e/---- 

- 1  .___--- ----- 

Figure 8.- Summary of stability derivatives at a = 0’. 
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Configuration Newtonian theory 

0 Longitudinal (circular cone) -+- 
0 Directional (circular cone) -I.-- -+- 
L3 Directional (elliptical cone) -1- 
0 Longitudinal (elliptical cone) 

- __ __ Center-of-gravity for trim at a = p = 0" 

Figure 9.- Limiting center-of-gravity locations for trimmed static stability. 
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Configuration Newtonian theory 

Directional (circular cone) -I- -+- 0 Longitudinal (circular cone) 

- ~ __ Center- of- gravity for trim at a = ,G = 0" 

(b) eXz = 40' and 45O. 

Figure 9.- Concluded. 
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