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I. H~TRODUCTION 

An investigation o.f guided missile perfo1"111ance will eventually 

lead to the consideration of flight at e..ictremely large Na.ch nu.!lbers 

(of the order of 20 or larger). At these high Mach numbers the 

wine lift and drag may be satisfactorily obtained from two-

dimensional gas dynwics since the openine angle of the Mach cone 

at the wing leading edge will be small. Howev-er, this is not the 

case for three-dimensional flow such as that over a body of 

revolution at angles of attack. Here body lift and drag constitute 

an app:rec:i.able portiC>n of the total lift and drag o.f a. winged 

missile at moderate angles o.f attack and high Mach numbers. Thus 

the determ:L'l1ation of the aerodynamic lift and drag on ax:Lally 

symmetric bodies of revolution at hypersonic speeds is of 

increasing importance. 

In this thesis an attempt has been ma.de to a.Ylalyze the lift 

and drag of a hemisphere in hypersonic flow through the application 

of Newton's corpuscular theory. The hemisphere has been chosen as 

the body type to be studied due to its increasing importance as a 

missile nose configuration. 

The minimum drag shape is the I-Jewtonian body. Tru..i..tt4 points 

out that a cone frustlllll. is a close approximation to the Newtonian 

body for sma.11 f'ineness ratios. Through the use of the calculus 

of variations the seni.ivertex angle of the cone frustum was 

determined in terms of the semivertex a.ngle of the cone inscribed 
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in the body under consideration. In this thesis the cone frustum 

having the same fineness ratio as the herrisphere is investigated 

and the results compared to those for the hemisphere. 

The statfo and dynamic stability of the hemisphere, cone 

frust wn avid the cone inscribed in the hemisphere have been 

studied a..nd compared. 

At the high Ha.ch numbers considered here the fluid pressure 

forces on the hemispherical body way be approximated i.n a 

relatively simple :man.11er through the application of Newton's 

corpuscular theory. Newton• s theory states that the fluid stream 

maintains its speed and direction unchanged until it comes into 

contact with a body. At the point of contact with a body the 

fluid stream gives up its component of momentum normal to the 

body surface and then moves alone the surface of the bod,y without 

loss of the tangential component of momentum. Those portions of 

the body surf ace whi.ch do not face, or ' 'see' ' the flow, are 

considered to have no differential pressure forces acting on them. 

That is, the pressure coefficient is zero over these portions. 

It should be pointed out that, for a given Hach number and angle 

of attack, better results a.re obtained for a three-dimensional 

body than a two-dimensional body through the application of Nel'rton' s 

corpuscular theory. 

The lift and drag coefficients have been obtained for a 

hemispherical nose configuration through the application of 
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Newton's impact theory for each angle of attack from zero to 90 

degrees. Here, expressions for the lift and drag coefficients 

have been developed; first, neglecting the relieving effects of 

centrifugal forces acting on the fluid particles, i.e. considering 

only the Newtonian impact forces; and second, considering the 

interaction of the centrifugal and impact. forces. The lift and 

drag coefficients obtained by neglecting the centrifugal force 

effects have been denoted as the Newtonian lift a.TJ.d drag co-

efficients. The expressions obtained yield only a first approxi-

mation to the true values. Therefore, in order to obtain what 

:i.s felt to be a closer approximation to the true lift and drag 

coefficients for a hemisphere in hypersonic flow, the second 

expressions have been developed and are denoted as the Newtonia.n-

plus-centrifugal lift and drag coefficients. 

Centrifugal forces acting on a particle of air passing over 

a body surface arise due to the curvature of the surface. For 

example, consider a particle of air striking the hemisphere at 

some arbitrary point. According to Newtonian impact theor-J the 

particle instantly gives up its momentwn normal to the surface at 

the point of impact. Actually, this is not the case since the 

particle is acted upon by centrifugal forces which to some extent 

counteract, or relieve, the impact forces. A method by which the 

centrifugal force effect can be determined has been studied by 

Ivey, Y~unker and Bowenl. Here, a relation for the pressure 
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coefficient has been developed which includes these aforementioned 

centrifugal forces. From this relation the points on the body at 

which the pressure coefficient vanishes can be obtained thus 

defining the limits of integration for determining the aerodynamic 

parameters. 

The aerodynamic characteristics and stability derivatives 

for cones have been studied quite thoroughly by Tobak and 

Wehrend2• Grimminger, Williams and Youni' have also obtained 

solutions for the aerodynamic characteristics of a cone. Thair 

results have been applied to the case of the cone frustum and the 

cone inscribed in the hemisphere. No attempt has been made to 

correct these expressions for centrifugal force effects since at 

small angles of attack there is negligible curvature of these two 

bodies in the flow direction. At higher angles of attack the 

path followed by a particle passing over the surface of either 

body would vary with angle of attack. This path could be 

elliptic, parabolic, hyperbolic, or circular in nature. But due 

to the difficulty in properly defining this path the effect of 

centrifugal forces would be exceedingly difficult to analyze. 

In this investigation four stability parameters have been 

considered. They are: 

1. CN - The change in the normal force coefficient with a 
respect to the angle of attack. 
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CN - The change in the normal force coefficient with lq 

respect to the pitching velocity. 

Cm The change in the pitching moment coefficient with 
Q'. 

respect to the angle of attack. 

c -mq The change in pitching moment coefficient with 

respect to the pitchine velocity. 

General expressions for these parameters are given in reference 2. 

These expressions have been applied to the three bodies under 

investigation in this thesis. Using these parameters the static 

and dynamic stability of each of these has been studied for the 

following physical conditions& a solid homogeneous body; a thin 

shell body without a base plate; and a thin shell body with a base 

plate. In addition, the effect of var.ring the cone frustum radii 

for a given fineness ratio has been investigated to ascertain the 

influence of this parameter on stability. 
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II. LIFT AND DRAG COEFFICIENTS FOR THE HEMISPHERE 

The Newtonian Drag Coefficient 

To obtain relations by which the Newtonian pressure forces 

acting on a hemisphere at angles of attack may be determined, 

consider the hemisphere of radius ••a••, shown in Figure 1. This 

figure shows the hemisphere at an angle of attack, a, where a is 

the angle between the free stream velocity vector, V0 , and the 

Y-axis. The angle 0 denotes a local surface point. Figure 2 is 

a front view of the hemisphere where the shaded area is that 

portion of the hemisphere which does not ••see•• the flow. The 

angle ¢ denotes the length of a differential element of surf ace 

area on the ''hidden• t hemispherical area. Note that the surface 

area of that portion of the hemisphere which does not ' 'see' ' the 

flow will be equal to the surface area of the '•missing•' area of 

the hemisphere. This ''missing•• area is the surface area from 

an angle of 90-cx degrees to an angle of 90 degrees in Figure 1 

which, in the case of a sphere, ••sees•• the flow but which is 

nonexistent for the special case of a sphere, namely the 

hemisphere. 

It shall now be the purpose of the present investigation to 

determine a relation for the Newtonian drag coefficient for the 

hemisphere at angle of attack. It is well known that a sphere 

under the application of Newton's corpuscular theory yields a drag 

coefficient of one. Thus the ~Jewtonian drag coefficient for the 
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hemisphere at anele of attack my be obtained by subtracting the 

drag coefficient acting on the ''ndssing'' area from the drag 

coefficient for the hemisphere at zero degrees angle of attack, 

which corresponds to the drag coefficient for a sphere. 

Therefore, the Newtonian drag coefficient may be written in 

the general form: 

CD =1-Cni • U A 
(1) 

Now, in order to obtain the term CDr-1 in equation (1) consider 

a differential element of surface area, ds, at an arbitrary point, 

denoted by the angle e, on the hemisphere surface between values 

of e of ~ - a and !!: • The differential element has a width, ad9, 
2 2 

and a length, 2¢ a sin e. The component of this area normal to 

the drag direction is, 

dsn = 2¢ a2 sin e cos e dS • (2) 

The drag force acting on the differential surf ace element is 

then, 
dD = (P1 - P0 )(2¢ a2 sin e cos e) d0 • (3) 

Integrating this expression between the linti.ts ~ - a and ~ 

yields the total drag force acting on the ••nti.ssing'' areas. 

That is, 1t -
D= f 2 

!! - a 
2 

(4) 
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Defining the drag coefficient as 

C = D 
D 1t q a2 

(5) 

the drag coefficient for the ' •missing' ' hemispherical area may 

be written in the form 
1t 

CDi-1 = f 2 

1! - a 
2 

(PL - Po) 
------- (2¢ sin e cos e) d0 (6) 

1t q 

PL - Po where the term is the pressure coefficient acting on the 
q 

hemisphere. However, from Newton's impact theory, the pressure 

coefficient may be written for the present coordinate system as: 

C = 2 cos2 e p • (7) 

Therefore, equation (6) becomes, upon substitution of equation (7), 
1t -2 

Cl>J.i = ~ f ¢ sin e cos.3 0 d0 • 

~ - a 

(8) 

2 

The angle ¢ may now be obtained in terms of the angles e and 

~ - a from consideration of Figure 2. From this figure it may be 

seen that: 

where: 

cos ¢ = ~ 
s 

z = a tan c; - a) 

s = a tan e 

(9) 

(10) 
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From equations (9) and (10) the angle ¢ may be written as: 

-1 [ 1t ] ¢ = cos cot e tan <2 - a) • (11) 

Substitution of' equation (11) in equation (8) yields the drag 

coefficient for the ''missing'' hemispherical. area in its final 

form. That isl 
1t 

4 Cn. = -
-~1 1t 

J : cos3 e sin e cos-1 [cot e tan 
- - a 2 

(~ - a)] d0 

(12) 

Now, from the previous discussion of the total drag coefficient 

for the hemisphere at angle of attack, the substitution of 

equation (12) in equation (1) will yield the Newtonian drag 

coefficient for the he~isphere. That is, 
TC 
!2 

Co - = 1 - !:J: J cos3 e sin e cos-1 [cot e tan (-2n - a)] d9 N n 
n: 2 -· a (13) 

Equation (13) ITay not be integTated exactly; therefore, a 

graphical integration process wa.s used in the solution of this 

equation for the drag coefficient. This process is presented 

briefly below. 

For the angle of attack under consideration numerous 

values of e were chosen between the limits, ~ - ex to ~ • 

• 

Equation (12) was then solved for values of C~ at local points on 

the surface. These local values of Cn1,1 were then plotted 

versus e and the area under this curve was the total CDr-1 
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for the angle of attack under consideration. 

Although this method of integration is most laborious, it is felt 

that greater accuracy may be obtained by the present method than 

by other available methods. 

The Newtonian drag coefficient is presented graphically in 

Figure 6 as a function of angle of attack. Also, the Newtonian 

drag coefficient is presented in Table 1 for each angle of attack 

from zero to 90 degrees. 

The Newtonian Lift Coefficient. 

Newton's corpuscular theory predicts that the lift coefficient 

will be zero for a sphere. This is apparent from consideration 

of the pressure forces acting on a sphere. Since the lift 

coefficient for the hemisphere is zero at zero degrees angle of 

attack6 the Newtonian lift coefficient may be determined from 

consideration of the pressure forces acting on the ••missing•• 

hemispherical area in the lift direction. Thus the Newtonian 

lift coefficient may be written in the form, 

Ci,N = - Cr,M ' (14) 

where the negative sign enters the equation due to the fact that 

the actual lift forces acting on the hemisphere will be in the 

oprX>s:i.te direction from the lift forces acting on the '•missing•' 

area. 
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Again considering the previously defined differential element 

of area where it is now desired to use the comF-0nent of differential 

area normal to the lift direction, 

dsL = 2 a2 sin2 e sin¢ d0 •. (15) 

The lift force acting on tM.s element of area is, 

dL = (PL - P0 ) (2 a2 sin2 e sin ¢ ) de , (16) 

and the total lift force acting on the ••missing'' area may be 

obtained by the integration of equation (16) over the interval 

of e from ~ - a to ~ • Thus, 

1t -
L= J n2 (PL - P0 )(2 a2 ain2 e sin ¢) de 

- - a 

• (17) 

2 

Defining the lift coefficient in a manner similar to the drag 

coefficient, 
L 

CL=---
n q a2 

(18) 

the lift coefficient acting on the ••missing'' area may be written 

as& 2 (PL - P0 ) 

C1M = f 'It 1t q 
2 - a 

(2 sin2 e sin ¢) d e • (19) 

Equatj_on (19) becomes, .upon substitution of equation (7), the 

Newtonian pressure coefficient: 
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-f 2 
cos2 e sin2 e sin ¢ d e • 

!! - a 

(20) 

2 

The quantity sin ¢ may be obtained in terms of the angles 0 and 

~ - a. It has been shown previously that, 

tan (~ - a) 
cos ¢ = 2 • (21) 

tan S 

Thus the side opposite the angle ¢ is, 

Y = / tan2e - tan2 (~ - a) (22) 

and therefore the sine of the angle ¢ may be written ass 

/tan2 e - tan2 (.!! - a) 
sin ¢ = 2 (23) 

tan e 

Substituting equation (23) in equation (20) and simplifying the 

lift coefficient becomes: 

c - 4 1M - ; 

1t f 2 

7t 
- - a 2 

cos2 0 sine./ 1 - [1 + tan2 (~ - a~ cos2 e d9 

(24) 

Equation (24) may be integrated by parts with the aid of a 

transformation of variables to obtain, before the substitution 

of the limitsl 
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Cr,. = .J.t_ [cos e (1 - K cos2 e)3/ 2 -~ (5 - 2K cos2 e) vl - K cos2e 
M 3~ 8 

where: 

SJ.rt (,/if COS 0) . -1 ] 

K = 1 + tan2 (JJ - o:) 
2 

n 
2 

7t 
- Ci. 2 

(25) 

This equation reduces (upon subst:Ltution of the limits) to: 

Cr . = 1/4 cos3 (-2n - a) 
""'h 

(26) 

The Newtonian lift coefficient acting on the hemisphere at angle 

of attack ni.ay now be obtained from equations (14) and (26), 

0~ = - 1/4 oos3 (~ - a) "LN G 
(27) 

Note that in equ..a.tion (27) the Newtonian lift coefficient will be 

negative for positive angles of attack as is to be expected. 

Equation (27) is presented graphfoally as a function of angle of 

attack in FiQlre 7 and is also presented in Table 1. 

At this point the lift and drag coefficients have been 

obtained for the restrictions of pure Newtonian flow. However, 

it is well kno"t-m that centrifugal forces a.ct on the air particles 

passing over a curved surface. These centrifugal forces cause the 

air particles to leave the surf ace of the hemisphere earlier than 

predicted by Newtonian theory. Therefore, it has also been the 

purpose of this thesis to determine a centrifugal force correction 
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to the previously defined Newtonian lift and drag coefficients to 

obtain a closer approx:tmation to the true values of lift and drag 

coefficient for the hemisphere at angles of attack. 

Newtonian-Plus-Centrifugal Drag Coefficient 

Ivey, Klur.ker, and Bowenl have developed a relation for the 

pressure coefficient which includes the effects of centrifugal 

forces. The principal asswaption involved in the development of 

this relation is that the shock wave lies on the botUldary layer 

and has the same radius of curvature at any point as the body at 

the corresponding point on its surface. The effect of this 

assumption is to overpredict the relieving effect of the cen-

trifugal forces. 

The pressure coefficientl may be written in terms of the 

present coordinate system as: 

cp = 2 cos2 e - 2/3 sin2 e (28) 

Equation (28) may now be used to determine the Newtonian-plus-

centrifugal lift and drag coefficients. 

Recalling the previous definition of the drag coefficient 

actinG on the '•missing'' area, 

c~ = ~ J cP ¢ sin 9 cos e de , (29) 

and applying the general trigonometric transforrr.ation to equation 

(28) to obtain the pressure coefficient as a function of cos e only, 
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then 

CP = 2/3 (4 cos2 e - 1) ' (30) 

so that the ••missing•' area drag coefficient becomes, upon 

substitution of equation (30) into equation (29), 

CDr·I = J~ f (L~ cos2 0 - 1) ¢ sin e cos 8 de 1 (31) 

which rna.y be ser:arated into t'ro integrals 

Cn.r. = ~ J ¢ cos3 9 sin e de - ....!±. J ¢ sin 9 cos e d6 • 
-h 3n Jn 

Now define the two components of this equation ass 

and 

en~-=~ f ¢ cos3 e sin e d0 i·1J_ 3n 

Cn1 r. = ...f± f ¢ sin e cos 9 d0 
h2 Jn 

(32) 

(33) 

(34) 

Note that equation (33) is of the same form as the previously 

obtained Newtonian drag coefficient on the '•missing•' area. 

Therefore, a s~nilar graphical integration process must be applied 

to equation (33) to obtain a solution to this equation. 

At this point the limits of integration must be determined. 

Since the Newtonian-plus-centrifugal drag coefficient will be 

determined in the same manner as the .iiewtonian drag coefficient; 

that is.,. the drag coefficient, acting on the '•missing•' area will 

be subtracted from the drag coefficient for the hendsphere at zero 
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a.r1gle of attack; the limits will be those of the ••missing•• area. 

The lower ljJI'd.t will again be ~ - a. However., the upper limit 

will be the angle, ei, at which the pressure coeffici.ent first 

goes to zero on the hemispherical nose. This angle may be obtained 

by setting equation (28) equal to zero and solving for ei. This 

value of e ~r.i.11 be the upper limit since from the point on the 

hemispherical surf ace defined by the angle ei to an angle of 90 

degrees the pressure coefficient (and hence the drag coefficient) 

will be zero. Or, 

(35) 

which may be readily solved to yield a value of e1. of 60 degrees. 

Thus the limits of integration of equations (3.3) and (34) 

willb f n t 1t e rora 2 - a o 3• Note that for an angle of attack equal 

to or less tha.n 30 degrees the t •missing•' area will be a portion 

of the hemisphere over which the pressure coefficient is zero 

(see Figure 3) and hence the Newtonian-plus-centrifugal drag 

coefficient l'r.i.11 be a constant for this ranee of a.11gle of attack. 

'fhus equations (33) and (34) become,, upon substitution of equation 

(11) for the tern1 ¢, 
n 

f 3 1 
cos3 e sin e cos- [ cot e tan (~ - a:)] de 

:!! - a 2 
(36) 
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and 1t -J 3 sin 6 cos e cos-1 [cote tan 

!! - a 2 

(~ -a}] d0 

(37) 

Equation (36) must be solved by the graphical integration 

process previously discussed. The integration of equation (37), 
by the method of integration by parts and a transformation of 

variable, yields upon substitution of the limits• 

Cn. = ...!!{ ~ cos-1[ tan c; - a)] + 
-r;I2 3n B v0 

tan (~ - a) [ . -1 ,/K 1t ] } 
(sJ.n - ) - -

2,/K 2 2 

(38) 

The value of the Newtonian-plus-centrifugal drag coefficient 

for zero degrees angle of attack must now be determ.tned. This 

value can be obtained from the following equation, 
'it 

Cn = !t f 03 (4 cos2 e - 1) sin e cos e de , (39) 
a= O 3 

where: 

The integration of equation (39) yields a value for Cna = 0 of 

CDa = O = 0.75 • (40) 

Therefore the Mewtonian-plus centrifugal drag coefficient is: 

Cn = 0.75 - Cn., , N + C -h 
(41) 
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which, upon substitution of equations (36) and (38) for the second 

term of this equation, becomes 
1C 

CD = 0.75 
N + C -1 [ 1t ] e sin e cos cot e tan <2 - a) d0 

+ ...!!{l cos-1 [tan c; - a)]+ tan {~ - a)[· sin-1-V'K - ~ J}· 
Jn 8 i/J 2 Va 2 2 

where: a = tan2 {! - a) and K = 1 + a 2 

{42) 
• 

Note that for a = 30 degrees the Jllewtonian-plus-centrifugal drag 

coefficient will have a value of 

Cn. = 0.75 ..,N + C (43) 

Equation (42) has been plotted as a function of angle of attack 

in Figure 6. Equation (13), the Newtonia.ii drag coefficient, is 

also L1cluded in this figure. The results of equation (42) 

and equation (13), as presented in Figure 6, will be discussed 

and compared in a later section of this thesis• The quantity 

CD.N + 0 has also been presented. in Table 1 for each aP..gle of 

attack from zero to 90 degrees. 

Newtonian-Plus-Centrifugal Lift Coefi'icient 

Ma.king use of the previously defined pressure coefficient, 

which includes the relieving effect of the centrifugal forces, 

the Newtonian-plus-centrifugal lift coefficient will now be 
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obtair1ed. Recall that the lift coefficj_ent for the ''missing'' 

a.:rea of the hemisphere at aDgles of attack has been defined as 

J c sin2 e sj.n ¢ de • p (44) 

Substituting equation (28) for the pressure coefficient and 

ma.king use of the previously determined expression for the sine 

of the angle ¢, equation (44) becomes: 

C11.1 = ~ J (4 cos2 e - 1) sin e /1 - K cos2 e de • 

(45) 

Recalling that the limits of integration for the lift 
1t 1't coefficient on the ''missing' t area are from 2 - a to J' and 

changing the sign of equation (45) to obtain the correct sign 

for the lift coefficient acting on the hemisphere, equation (45) 

becomes: 1t 

CLN + C 
-4 1: (4 cos2 e - 1) sin e /1 - K cos2 e dQ =-
31t 

- - a: {46) 2 

Equation (46) may be integrated directly to obtain a closed form 

solution for the Newtonian-plus-centrifugal lift coefficient for 

the hemisphere at angle of attack. Such an integration gives: 

-4 { l I{ 3/2 1 1 ~ r_ = - ........ (1 - - ) + - (1 - - ) v l - ~ 
-Lr·! + c 3n 2K 4 4 K 4 

1 [ i -1 i/1f n i ]} + _ ;r; 1 - - sin - (1 - - ) 
2 vK K 2 l~vK K 

(47) 

• 
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K = 1 + tan2 (~ - a) 
2 • 

The Newtonian and Newtonian-plus-centrifugal lift and drag 

coefficients have now been obtained for the hemisphere at angle 

of attack. Equations (25) and (Lrt) are compared for the range 

of angles of attack in Figure 7 and Table 1. 

It is felt that in order to obtain a better p:i.cture of the 

hemisphere, aerodynamically, it should be compared with its 

inscribed cone and also the minimum-drag cone frustum of the same 

fineness ratio. In the following sections the aerodynamic 

characteristics of the inscribed cone and minimum-drag cone 

frustum are determined. 

Inscribed Cone (6 = 45°) 
F'rom geometrical considerations the inscribed cone will 

necessar:ily have a sew~vertex angle, o, of 45 degrees. Two 

specific physical cases must be considered, when determirling the 

force coefficients acting on these bodies, i11 accord with the 

assumptions of Newton' s j_m.pact theory. '£hese are: 

1. Angles of attack less than or equal to the semi.vertex 

ane;le of the cone. 

2. Angles of attack greater than the semi.vertex angle of 

the cone. 

For case 1, the entire surface of the cone ••sees'' the flow and 
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1I the term w U' defined in Figure 4, takes on the value of 2 • For 

the second case a portion of the cone surface does not ••see•• 

the flow. Here, the term Wu is a function of the semivertex 

a.n[;le of the cone and the angle of attack. 

Griiii.nlin.ger, Williams and Young3 have developed general 

expressions by which the normal and chordwise force coefficients 

for a cone w.ay be defined for each of the above cases. These 

expressions may be written, in terms of the coordinate systeim used 

here, as: 

Case 1: a < o 

Cw = sin 2 o: sin o cos o 

and Cc = tan 6 2 sin2 o + sin2 a (1 - 3 sin2 6) 

where W = u 

Case 2: 

- . 2 

0: > 0 

CN = cos2 6 sin 2 a 

(1+8) 

1 
+ - cos W u ( ta'1 o cot a + 2 cot 6 tan a) 3n 

and 'Jt 
Wu+2 

Cc = ( ) 
n: 

2 sin2 o + sin2 a (1 - 3 sin2 o) 

+ .1. cos w . 2 s. • 2 U sin u sin a • 4n 
where: 

-1 (. tan o) W =sin 
u tan a 

(49) 
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'rhe Newt.onia.YJ. lift and drag coefficients are obtained from 

equations (48) and (49) by simply transforming the normal and 

chordwise force coefficients into the lift and drag coefficients. 

The transformations lead immediately to the relations 

and (50) 
Cn == Cr.J sin ex + Cc cos a • 

For the specific cone considered here (6 = 45 degrees) 

equations (4S) and (L~9) are substituted into equations (50). 

After simplification,, the lift and drag coefficients (for the 

cone) becomes 

Case 1: - 0 a < 45 

Cr, = _ si~ a 

C N (l + sin2 a ) D = cos " 2 

(51) and 

Case 2: a: > 45° 

cos a /i - cot2 a ct = ---------6 11: 

sir? a ( ) .,.. ) sin-· (cot a) + 2~ 2 n 

and 
c = cos Q'. (1 

. 2 
ex ) [ -1 + ~] + SJ..11 sin (cot o:) 

D 1C 2 2 

+ sin a /i" _ cot2 a 6 n (11 - 7 sin2 a) • (52) 

'£he Newtonian lift and drag coefficients~ as obtained from equations 

(51) and (52) are presented as a function of angle of attack in Figures 

8 and 9. 
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It is now des:irable to define the minimum-drag cone frustum 

for a fineness ratio of one-half in order to compare its aerodybamic 

characteristics with those of the hemisphere and the inscribed 

cone. This w:ill be done in the next section. 

V.d.nimum-Drag Cone Frustum 

Truitt4 pointed out that ·t.he minimum-drag or Newtonian body, 

i'or V..ach numbers very much greater than unity and for small 

fineness ratio, may be approxi.ma.ted by a cone frustum. In this 

thesis the m.inirnu..'IJ.1.-drag cone frustum is determined for a fineness 

ratio of one-half, corresponding to that of the hemisphere. It 

has been shown4, by means of the minimizing process of the 

calculus of variations, that the send.vertex angle of the 1tlni.mum-

drag cone frustum is related to the semi vertex angle of the cone 

inscribed in the body whose drag coefficient is being minimized. 

These a.ri.gles are related by the expression, 

where: 

(53) 

oc.F. = semivertex angle of the m:i.nimum-drag cone 

frustum. (See Figure 5a). 

and be = semi.vertex angle of the inscribed cone. 

For the present case, the inscribed cone ha.s a sendv,ertex angle of 

45 degrees. Thus the semi.vertex angle of the minimum-drag cone 

frustum is found to be 
oc.F. = 31.7 degrees • 
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The radj_us of the fonrard face of the cone frustum, Ro.a is 

readily determined to bes 

si..11ce1 

• 

Having now determined the pertinent dimensions of' the 

minimum-drag cone frustum., the Newtonian lift and drag coefficients 

may be obtained as a function of angle cf attack. This is 

carried out in the neA-t section. 

Force Coefficients for the Cone Frustum 

The Newtonian lift a"1d drag coefficients for the cone 

frustum :may be obtained in the sa.ine manner as for the cone. The 

general solutions for the normal and chord.wise force coefficients 

obtained in reference 3, and presented as equations (48) and (49) 

in the previous section, :nia.;7 be utilized with a slight modification. 

Since equa.t:i.ons (4$) and (49) were written3, before 

the form 

and 

where a 
1 is the bod,y length 

i. 
f 0 x dx 

J, f xdx , 
0 

integration,in 
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the normal and chormrlse force coefficients for the cone frustum 

may be defined by· changing the limits of integration on these 

equations. Thus the equations for the mi.ri.imurn-dra.g oone frustum 

become: 

and (55) 

where: .i- the length of a. cone having the same semi.vertex 

a.rigle as the cone frustwn {see Figure 5a). 

and 4 - the length of tha.t portion of the cone which is 

removed to form the cone frustum (see Figure 5a). 

The two conditions, a < b and a: > o, must also be 

considered in defining the cone frustum force coefficients. Now,, 

by comr..a.ring equations (54) and (55) it may be seen, from equations 

(48) and (49), that for the cone frustum 

Case 1: ex < b 

CN = sin o cos b sin 2 a .1.2 1 2 - 1 (56) 
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Case 2: a > 6 

+~ 
CN = cos2 6 sin 2 a {Wu 2 

. 1t 

1 
+ - cos Wu (tan 6 cot a 

Jn 

(57) 

[ 2 sin2 6 + sin2 a (1 - 3 sin2 o)] 
(57) 

Now substituting equations (56) and (57) into equations (50), 

the following equations for the cone frustum lift and drag co-

efficients are obtained: 

Case 1: a < o 

tan b {sin a (2 - 3 sin2 a) + 

sin2 6 (5 sin.3 a - 4 sin a) } 

Case 2: a > o 
(J 2 - .i, 1 2) { (Wu + ~ ) [ 

C1 = RB :l 7t 2 sin a (1 - 2 sin2 6) + 

(58) 

~ 2 ] cos Wu [ 2 2 2 sin-' a (5 sin 6 - 3) + n J cos 6 sin a cos a (tan 6 cot a + 

2 cot 6 tan a) - ~ sin 2 6 sin2 ex cos a]} 
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a cos a (3 - sin2 o)] 
+ cos Wu [ 2. sin 2 o sin a cos2 a + 

1t 2 

Z. cos2 6 sin2 a cos a (tan b cot ex + 2 cot 6 tan o:~}. 
3 j (59) 

Note that the above expressions, for the lift and drag co-

efficjents, do not include the contribution of the flat nose of 

the cone frustum. The aerodynamic characteristics of a flat 

disk are relatively simple in form and will merely be stated here. 

Thus, for the case of a flat circular d:i.sk, initially normal to 

the flow direction, the lift and drag coefficients are: 

CL = - 2 sin ex cos2 ex 

(60) 
and • 

1'he above coefficients are, however, based on the area of the 

flat disk itself. To obtain the contribution of this flat plate 

to the total lift and drag coefficients for the cone frustum, it 

is necessary to write equations (60) in terms of the cone frustum 

base area, or: 

=-2 ( ~;) 
2 

CL sin a cos a 

2 (Ro) 2 
(61) 

and 
cos3 a Cn = 

RB 

where R0 is the radius of the nose piece (see Figure 5a). 
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The total Newtonian lift and drag coefficients for the cone 

frustum are obtained by simply adding the effect of the flat 

plate nose to that of the frustum shell. That is, the total 

aerod)'11amic force coefficients for the cone frustun1 are: 

Case 1: cx < o 
(12 -..f12) 

CL = ------ tan 6 {sin a (2 - 3 sin2 a) + sin2 b (5 sin3 a 
RB..l 

- 4 sin o:)L - 2 ( ~} 2 0sin a cos2 a 

and 

and 

Case 2: a > b 

'f RB 

1t 

w + - [ 
__ u--2- 2 sin a (1 - 2 sin26) + 

1t 

+ sin3 a (5 sin2 6 - 3) J + cos n Wu [ ~ cos2 b sin a cos2a (tan 6 cota + 

2 cot 6 tan a) - ~sin 2 b sin2 a cos a]} 2 ( Ro )2 2 s.in a cos a 
RB 

2 2 1t 

Cn = (.£ -...li ) {Wu + 2 [sir? o: cos a: (3 - sin2 6)] 
RB ..,t. 1t 

cos Wu [ 3 2 2 2 2 + n 2 sin 2 6 sin a cos a + J cos 6 sin-a cos a (tan o cot a 

+ 2 cot 6 tan a)]} + 2 ( ~) 2 cos3 a • (63) 
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The above equations are solved for the specific case of the 

minimum-drag cone frustum (6 = 31.7° and R0 = 0.3824 RB) and 

plotted as a function of angle of attack in Figures 8 and 9. 

Having now obtained the aerodynamic force coefficients for 

the bodies under investigation, the next development will entail 

a study of the stability derivatives for each. The stability 

derivat:Lves, defined in the next section, are associated with 

stability about the transverse, or pitch, axis of a body. 

Stability Parameters for Small Angle of Attack 

At small angles of attack it ma.y be assumed that the angle 

W is a constant of magnitude ~. Applying this assumption u 2 
Toback and Wehrend2 have developed general expressions for the 

stability derivatives associated with pitch stability. These area 
.,[, 

21t f CNa = S- R(x) sin 2l!r dx 
0 

(64a) 

2n f ~ [ x 2 R(x) 
CN'q = S- R(x) 7 sin 2ljr + ..£ 

0 

C,la = -32;_ J lx R(x) + tan \fr R2(x)] sin 2'jt dx + l CNa (64c) 
0 

c~lq = ~ ~n ~ f R(x) + tan ,~ a2(x)J [ 7 sin 2'jr + 

(64d) 
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where: S = body base area, n RB2 

R(x) = radius of the body in the y-z plane (see Figure 4). 

'Ir = slope of the body meridian curve, and is positive in 

sign (see Figure 4). 

1 = body length 

Xo = body center of gravity location measured from the 

origin of the coordinate system. (see Figure 4). 

CN , CM = values of Crr and c11,, for which ~ is taken 
~ <Xo ·q .... 

to be zero. 

The stability derivatives for each of the bodies under 

investigation will now be defined from equations (64). 

Hemisphere 

Equations (64) may be rewritten, for the special case of the 

hemisphere, by employing a change of variable. utilizing the 

following relations which exist between the terms in these 

equations and the hemispherical coordinate system& 

R(x) = RB sin e , 

x = RB - RB cos 0 , 

,,, = ~ - e 
't' 2 ' 

and .L = RB ; 

(65) 
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Noting that the range of integration, for e, must be chaneed to 

zero to i; then equations (64) become: 
TC 

CNa: == 4 f 2 sin-3 S cos e d9 , 

0 

and 

1t 
2 J sin3 

0 
1t 

e cos e de - ~ Rn, 

f 2 sin3 
0 

Xo e cos e de + RB , 

TC 

2 f sin' 
0 

• 

(66a) 

(66b) 

(66c) 

(66d) 

Upon carrying out the indicated integration, the above stability 

derivatives are obtained as functions of lii only. That is, 

Cw = 1.0 , a 

2 x x 2 - 0 ( 0) and CM =--1- - • 
q RB Rn 

(67) 
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Cone -
For the special case of a cone, equations (64) rrey be 

simplified by substituting the following quantitiesa 

~' == o = 45 degrees , 

R(x) = x tan & == x , (68) 

J, = RB • 

With these substitutions the stability derivatives simplify to, 

(69a) 

(69b) 

(69c) 

and 
- 4 

Integration of the above equations yields the following results 

for the stability derivatives, in terms of ~ : 

(?Oa) 

(?Ob) 
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(70c) 

and 

• (70d) 

Cone Frustum 

The stability derivatives for the cone frustum may be obtained 

in much the same malU1er as for the cone. Treating the cone 

frustum as a cone, but changing the lower liroit of integration 

to properly describe the frustUJn, equatj_ons ( 64) are simplified 

by substituting the following quantities& 

'" 
= 0 = 31.7 degrees, 

J = RBftan 6, 

11 = Ro/tan o, 
(71) 

R = 0 o.3s24 RB • 

Thus, equations (64) may be written in the following forms, 

4 sin2 J, 
C~r = 6 f x dx' 

RB2 ''a .ll 
(72a) 

CN 
4 tan2 0 f,lx2ctx-"" c = ~ ,.., 

1.. 1.. Na q R .... "" jj 
1 

(72b) 

- 4 
tan2 6 rl x 

CM a =- 1 x2 dx + j CN ' RB2 Q'. 

1 

(72c) 
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and 
- 4 tan2 o 

C11q = R 2 2 cos 2 o 
B 

(72d) 

Upon carrying out the ind:i.ca.ted integrations, and after substituting 

the limits, equat:tons (72) reduce to, 

(73a) 

{73b) 

(?Jc) 

and 
{73d) 

The stability derivatives have now been determined for small 

angles of attack. Numerical values of these quantities are 

presented in Table 3 for each of three physical body conditions 

described in the following section. These values iri.11 be applied 

later in determining the static and dyna.mic stability of the body 

types under investigation. 

For large angles of attack the pitching velocity must be 

considered. Also, the angle, Wu, can no longer be assumed a 

constant, as is demonstrated in the following section. 
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Stability Parameters for an Angle of Attack of 45 Degrees 

General expressions for the stability derivatives have been 

obtained for the high angle of attack condition2• In this thesis 

the specific angle of attack of 45 degrees has been chosen since 

a closed form solution for CN and Cr.r is not obtainable for the 
q q 

hemisphere at angles of attack other than zero degrees, 45 

degrees, and 90 degrees. An angle of attack of 90 degrees will 

not be studied, however, due to the appearance of singularities 

in the stability parameters which lead to asymptotic solutions 

not sufficiently general for application to the present investigation. 

The stability derivatives as given in reference 2, for high 

angles of attack ares 

and 

2 
CN = - -a S 

~ f R(x) H (x, a, q) dx , 

0 

CN = - 3· f ~ R(x) J (x, a, q) dx , q s 
0 

t [(x - x.,) R(x) + tan l\f n2(x)] H(x, 
0 

(74a) 

(74b) 

u., q) dx, 
(74c) 

2 
C, =-
hq s ~0X,,[<x - x0 ) R(x) +tan l\f n2(x)J J(x, a, q) dx, 

(74d) 

where: 

Q) = r~ _ sin 2 Wu + 2:] aB _ H(x, a, _ 
2 4 4 all a 

2 aG 
- cos W (sin2 Wu + 2) fl , 3 u a a 
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[ Wu sin 2 Wu + _
4
n] aB 

J(x, a, q) = 2 - 4 __ f,._q_.J._ 
a v 

2 - cos Wu 3 
(sin2 Wu + 2) _a_G __ 

f,. q,L ' a---v 
and where: aB 2 sin 2 'V sec2 o: , ---=-

aG q.J, 2 r~ (x-Xo) 2] a f,. ex = V sec - a .1. sin 2 o/ + 2 .1.. cos o/ 

+ 2 tan a sec2 a cos2 v , 
aB ------ -Aq.J.. 
v a 

[ R (x - x0 ) ] 
2 2 T sin2 o/ + ../. sin 2 o/ , 

and 

a 
q [RB (x-:xa) ]2 

= 2 V 7 sin 'V + .1, cos 'ljt 
aG 

[ RB (x - Xe) 2 ] 
+ tan a 7 sin 2 '~ + 2 ..l cos o/ • 

In the above expressions the following parameters are: 

Wu = the angle in the y-z plane at which the pressure coefficient 

goes to zero for a given value of x. 

X1.i = the maximum value of x on that portion of the body 

which ••sees•• the flow. 

q = pitching velocity. 

V = velocity in the axial direction of the body 
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q 1, 
q = - = dimensionless pitching velocity. 
~ v 

The above equations will be solved, for each body under 

investigation here, in the following sections. 

Hemisphere 

For the case of th€hemisphere the same transformations will 

be applied to the genercl equations (74) as were applied in the 

previous section. However, the term Wu is no longer a constant 

since the entire surf ace of the hemisphere is not covered by the 

flow. For an angle of attack of 45 degrees, ~ has a constant 

al '!t 4 V· ue of 2 for a range of e from zero degrees to 5 degrees. For 

values of El between 45 degrees and 90 degrees Wu assumes the 

value sin-1 (cot e). Therefore the integration of the stability 

derivatives must be separated into two integrals with limits on 
1t 1t 7t 0 of zero to 4 and 4 to ~ respectively. Applying the previously 

discussed transformations to equations (74), and separating into 

two integrals~ the following equations are obtained: 
n n -
4 sin3 e cos e d6 + ~ 

1t 
0 

cot e V'1 - cot2 9 + !.: ] sin3 e 
2 

cot2 e) sin20 [ sin2 e + q cos 

cos e+ ~yl'l- cot2 e (2 + 
3 

El (1 - sin e) + q sin e (1 - i~}d~ 

(75a) 



-
Croq = 4 f: {sin2 8 cos2 e (1 - sin e) + si,,3 e cos e (1 - ~) }cte 

+ ~ f: {[sin-l (cote) - cot eyi1 - cot2 + ~][sin2 e cos2 e (1 -

4 

sin 8) + sin3 e cos e (1 - ~>] + ~ sin2 e /1 - cot2 e (2 + 
RB 3 

cot2 e) [sin 8 cos e (1 - sine)+ sin2 e (1 - ~) + q (cos e [ 1 -

2 
sine J +sine [ 1 - ~]) ]}de ('75b) 

and 

(75d) 

Carrying out the indicated integrations, the above equations 

reduce, upon substitution of the limits, to 

(?6a) 

- - ~ CN = 0.6983 + 0.5224 q - (O.H236 + 0.4829 q) -R 
q B 

(?6b) 

- Xo CN(X = - 0.9131 q - 2.3918 + RB (2.39H~ + 1.761 q ~-- o.e4$s 'RB q), 

(76c) 
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and 
- ~ -cM = - 0.5224 q - o.6983 + R (1.52i9 + i.oo5Jq) 

q B 

Xa 2 - ( R) (o.s236 + o.4829 Ci ) 
B 

• (76d) 

In the case of the cone the term Wu is a constant and is 

found to be sin-l (tan 6). Since the cone under investigation 

here has a semi-angle of 45 degrees, the entire surface is 
'It covered by the flow and W u has a value of 2 • Thus equations 

(74)·reduce to a relatively simple fo.rin when the previously 

discussed transformations are applied. That is, 

(77a) 

(77b) 

(77c) 

and RB 
f [2 x.2- (1 + r > - Xo x (1 + ~ - ? )J dx • 

0 B B B (77d) 

After integrating a~d substituting the limits, the above equations 

reduce to 

(78a) 
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(?Sb) 

(78c) 

and 
- 5 ( Xo ) ( X 0 )2 • Cy =-+3 - -

"q 3 RB RB 
(78d) 

Cone Frustum 

Again the cone frustum may be treated in a manner similar 

to the cone. Upon substitution of the appropriate transformations 

for the cone frustum, equations (74) reduce to: 
1. 

( {[ ( Wu sin 2 j .L 1 x tan o cos 6 2 + 4 Wy + i) sin o 

2 + tan2 o ] q [RB + 3 cos Wu cos 6 + J cos W u L sin o 

(x - Y'O) ] } + L cos o cos 0 d.x , (79a) 

(../ { [(Wu sin 2 Wu n) (x - x0 ) 
)~ x tan o sin b cos o T + 4 + 4 1. 

(2 + tan2 o) R J ( Wu sin 2 Wu n) RB . 2 
+ 3 -1 cos Wu + --;r- + I+ + 4 7 sin o 

+ ! (2 + tan2 o) (x - Xo) cos2 o cos W + S cos W (2 + 
3 :t u 3 u 

[ RB (x - Xa) J 2 } + tan2 o) ./. tan o + ..£ cos Wu d.x , (79b) 
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- 8 

.1. 

f ,t1 [ (x - "o)x tan o + x2 tan3 o]{ ( ~ u _ 

----- + - sin 2b + ..: cos W (2 + sin 2 W u 7t } ) [ 

4 4 3 u 

and 

tan2 O~ [Ci (' sin 26 + 2 (x _( x,,) cos2 O) + 2 cos2 

.£ 
Cl;I = - ~.l f "l x tan o(x - Xe + x tan2 o){(w u -

q n RB -" 

b]} dx 

(79c) 

sin 2 WJJ. + _n) (RB . 2 (x - Xe) } 
- 1 sin b + :z sin b cos b -

2 2 N 

1 2 [ RB . 
3 cos Wu (2 + sin Wu) 2 q (T sin b + 

(x - x0 ) 2 RB 2(x - x0 ) 2 ]} 
.1, cos o) + 7 sin 2 b + .,/. cos b dx 

(79d) 

where: W . -1 (t ') = sin an o u 

Note that a value of Wu has not been substituted into the 

above equations since this parameter will be varied later to 

ascertain the effect of the ratio of the radii of the front and 

rear faces of the cone frustum on the stability. For the case of 

the previously discussed minimum-drag cone frustum, equations (79) 

become, upon inteerating a.."1d substituting of limits, 

(80a) 
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x 
CN == 1.66 + 1.267 q - ~ (0.917 - 0.6891 q ) , 

q B 
(SOb) 

Xo[ - -~] Cu = R l.SJ3 + 2.3.336 q - 0.6073 q R - O.B.35 - 1.147 q , 
a B B (80c) 

and 

x0 [ -] { x0 )2 C1'1 = -11 0.4429 + 1.3713 q - -R 
- q ~B B 

(0.2831 + 0.3569 q) -

- 0.882 q - l.7F!:/ • (30d) 

Equations (130) complete the investige.tion of the stability 

derivatives. Note that these equations are written in terms of 
x ..:£ only. Numerical values of the stability derivatives, for each RB 
of three physical conditions described in the next section are 

listed in Table 3. , 

Center of' Gravity Location and Radius of Gyration. 

Before the static and dynamic stability is studied it will 

be necessaIJr to determine both the location of the center of 

gravity a.nd radius of gyration for the three bodies under con-

sideration. For each body t;ype three physical conditions, or 

mass distributions, will be assumed; these ares 

1. A solid, homogeneous body. 

2. A body shell with an open base. 

3. A body shell with a flat disk closing the base. 

The general procedure followed is to apply the :i.ntegral 

calculus to elemental mass segments to obtain the center of 
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gravity location and radius of gyration for each body. F'or 

convenience., the method employed will be defined for the general 

case and the actual values tabulated. (See Table 2). 

The location of the center of gravity is determined in the 

following manner. The definition of the center of gravity is, 

where: 

JL 
x d}i 

0 
(81) 

x = the distance from the coordinate origin to the 0 

center of g-ravity (see Figure 5b). 

M = the total mass of the body. 

In the above equation the elemental mass m.a.y be written as1 

d.N = p n r2 dx (82) 

where: 
r = the radius of the body of revolution for a given 

value of x. (See Figure 5b). 

p = the mass densj.ty of the body (here assumed constant). 

For the bodies considered it is a relatively simple w.atter 

to relate the variables r and x. The integration., indicated in 

equation (81), has been performed and the values of i> are listed 
B 

in Table 2. 

In order to obtain the radius of gyration for these bodies 

it is necessary to define the mass moment of inertia, which is 

related to the radius of' gy-.cat.ion of a body, 'by the expression 
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k=/! • (83) 
:M 

The mass mornent of inertia, I, may be e:>..-pressed about a general 

transverse axis as 

I= r dM f -2 
• (S4) 

From consideration of the elemental mass segment depicted in 

Figure 5b, it is seen that a triple integration process must be 

followed in defj_ning the mass moment of inertia. Thus, the radius 

of gyration for a general body of revolution about the transverse 

axis throueh the body center of gravity (the pitch axis) can 

be ,,,.-.citten as: 

2p ~ L - x) 2 + (r 
n 

sin 

2 k:· = 

(85) 

where: M is the total body mass. 

The above equation has been solved for each of the bodies 

under investigation and values of radius of gyration are listed 

in Table 2. 

Having derived expressions for the stability derivatives and 

determined the center of gravity location and radii of' gyration 

for the three bodies under investigation, the static and dynamic 

stability can be studied. In the next section the static stability 

is considered. 
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Static Stability 

For static stability to ex.tst, a disturbance, from 

equilibrium, must create forces or moments ·within the systen 

that tend to restore the system to the equilibrium position. 

The stability derivatives defined in the previous section are 

associated with motion about the transverse, or pitch, axis 

through the center of erav:ity of the body. Since the stability 

of motion about this a.xis is cf primary importance in the study 

of reentry problems, it is quite logical that it be included .in 

this thesis. 

Allen5 has developed expressions by which the static and 

dynamic stability can be defined. This was done by considering 

the time differential equation of motion, about the pitch axis, 

of an axially symmetric body of revolution entering the earth's 

atmosphere. For the case of static stability, it was found5 

that if the follo~dng inequality exists, 

(86) 

a body of revolution is stable for motions about its pitch a7..is. 

The second term in equation (86) is negligible since the quantit3r, 

p, defined in the expression relating the air density at an 

altitude y (in feet) to the aj_r density at sea level: 

where: 

-fjy 
p = Po e 

P0 = sea level air density, 
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must be much less than l.L.~ity for altitudes of the order of 

magnitude of 1000 feet or greater. Therefore, it follows that 

an axially symmetric body of revolution is statically stable, 

about the pitch axis, if the stability derivative ~ is negative. 

With the condition of stability defined, the three specific 

cases of interest to this thesis will next be studied separately. 

Hemisphere 

For small angles of attack the term Ci'Ia' as obtained in 

equation (67c), is 

• (67c) 

Since ~ must be less than unity for all physical conditions of 
RB 

the hemisphere, the hemisphere is statically stable at small 

angles of attack. 

At an angle of attack of 45 degrees it is necessary to set 

the non-dimensional pitching velocity, oJ equal to zero in order 

to deternli.ne the static stability. For this condition, 

(B7) 

The location of the center of gravity for a solid homogeneous 

hemisphere, as obtained from Table 2, is at the point 

For this value of ~ 
RB 

~ = 5 
Ra 8 
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c~r = - o.8969 Ha: (88) 

and the solid, homogeneous hemisphere is therefore statically 

stable. 

Similarly, for the hemispherical shell without a base plate 

a statically stable configuration. 

For the hemispherical shell with a base plate 

= ci..nd CH =- 0.7972 
0: 

indicating a statically stable body type. 

(89) 

(90) 

It is seen that for the case of the hemispherical shell 

with no base plate the body exhibits the highest degree of static 

stability both at sr.nall. angles of at tack and at an angle of 

attack of 45 degrees. 

At small ansles of attack the stability derivative, CM«' for 

the cone can be written, from equation (?Oc), a.s 

Xo 4 
<1·Ia = ~ - 3 .. (?Oc) 

Noting the val"Li.0s of i:' i'or the cone, in Table 2, it is seen that 
B 

the cone is statically stable for all cases. Also it is self-

evident that the conical shell without a base plate exhibits the 

greatest degree of stability. 
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At an angle of attack of 45 degrees, the value of CM is 
0: 

2 Xo 8 
c~,, = ---ix RB 3 

as given in equation (78c). 

Here again the cone is statically stable for all physical 

conditions investigated, and the conical shell, without a base 

plate, exhibits the greatest stability. 

Hininuun-Drag Cone Frustum 

At small angles of attack the stability derivative, Ci-r ,, 
0: 

as obtained in equation (73c) is, 

• (73c) 

The cone frustum is seen to be statically stable since ~ 
RB 

mui:rc be less than unity for all practical n1ass distributions. 

Front the values of !£ presented in Table 2, the cone frustum shell, 
uB 

without a base plate, exhibits the greater stability. 

In addition it is seen that varying the ratio of the cone 

frustum radii results in a change in the stability index. 

Specifically, this body type becomes more stable (statically) as 

the radius of the forward face, R0 , approaches zero (i.e. as the 

frustum approaches a cone). 

The term, C11<x' for the cone frustwn, at an angle of attack of 

45 degrees, as obtained in equation (80c) isl 
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• 

For the values of ~ listed in Table 2 it is seen that the 
RB 

cone frustum is statically unstable for the three physical 

conditions investigated here. The least unstable configuration 

is the case of the cone frustum. shell without a base plate. 

Also it is seen that a change in the radius of the cone 

frustum nose leads to a change in stability. Explicitly, the 

cone frustum becomes more stable (statically) as the radius of 

the nose again approaches a value of zero. 

The results of this investigation for static stability are 

summarized and presented in Table 4. In this table a positive 

sign indicates a stable configuration, and a negative sign 

indicates an unstable configuration. 

Next, to carry the investigation of stability one step 

further the dynamic stability is studied. 

Dynamic Stabilitx 

If, a~er disturbing a dynamical system from its equilibrium 

position, the subsequent motion eventually returns the system to 

the equilibrium position, the syst3m is said to ~e dynamically 

stable. This general definition of dynamic stability indicates 

that it is most desirable to have dynamic stability of a system so 

that no external devices need be added to obtain stability. 
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Allen5 presented a condition which must be satisfied for the 

dynamic stability of a system. This condition is stipulated by 

the inequality 

( RB)2 
Cn - Ci + ( Cr1 + Cu ) - < 0 • a q a k 

(91) 

In the above expression the term Cri is generally ne&Ligible ·a 
for axially syrr.metric bodies of revolution. The condition which 

the three bodies urider -i ;:ivestigation must satisfy, for stability, 

is therefore 
( R )2 

Cn-r~ +C;,,.. _g < o. 
-La nq k (92) 

Each of the bodies considered will now be tested to ascertain 

whether this condition is satj.sfied and/or under what restraints 

it will be satisfied. 

Hemisphere 

At amall angles of attack the hemisphere exhibits the following 

previously defined characteristicsi 

Cn = 1.0 

(93} 

Substituting these values into equation (92) the sta.bilj_ty 

condition becow.es, 



Xo 2 
1 - (1 - - ) Rn 
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( ~ )2 < 0 
k • (94) 

x Considering the values of .::.J2. and k2, obtained from Table 2, it 
RB 

is seen that the hemisphere is dynamically unstable for the three 

mass distributions considered. Of these, the least unstable is 

the case of the hemispherical shell without a base plate. 

At an angle of attack of 45 degrees the hemisphere was found 

to have the follo~ting characteristics, 

Cto: = - 0.2652 (95) 

. , 

which, upon substitution, reduce equation (92) to 

o.6758 + [- o.69s3 + i.5219 ~ - o.s236 ( ~ )2 ] ( ~ ) 2< o 

(96) 

Applying the values of !£. and k2 from Table 2 it follows that 
RB 

the hemisphere is again dynamically unstable, with the least 

unstable configuration being that of the hemispherical shell 

without a base plate. 

The pertinent para.meters for the cone at sw..all angle of 

attack are: 
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Cr, = 0 a 
{97) 

Therefore the govern:ing stability condition becomes 

1 + [- 2 + § ( ~ ) - ( ~ >2] ( ~ ) 2 < 0 • (98) 3 RB RB k 

It can be shown that the cone satisfies this relation for each 

ph3rsical condition considered. Also, the greatest degree of 

stability is obtained for the case of the solid, homoceneous 

cone. 

Values of Cn, Cr.a' and c110 for the cone at an angle of attack 

of 45 degrees are: 

Cr, = - 0.5303 a (99) 

c~, = - ~ + 3 ( ~ ) 
L'1q .3 RB • 

Substitution of these values in equation {92) yields 

At an angle of attack of 45 degrees the cone is dynamically 

uns·i;able to a lesser degree for the conical shell without a base 
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plate than for the other cases as may be dern.onstrated by sub-

stituting values of ~ and k2 from Table 2 into the above equation. 
RB 

Cone Frustum 

The r.ninimum-drag cone frustum exhibits the following aero-

dynamic characteristics at small angles of attacks 

(101) 

Equation (92) becomes {upon substitution of these quantities): 

0.1'78 + [- 1.3146 + 1.6878 ( 3?_ ) - 0.4715 { ~ )2 ] { -kRB )2 < O 
RB RB 

(102) 

The above stability condition is satisfied for each of the 

physical conditions of the cone frustmn as listed. This can be 

demonstrated by substituting the values of ~ and k2 obtained 

from Table 2 into equation {102). 

The greatest degree of dynamic stability is obtained for 

the solid, homogeneous cone frustmn. It can also be shown that 

as the radius of the nose of a cone frustum approaches that of 

its base (hence a cylinder) the degree of dynamic stability 

increases. 

At an angle of attack of 45 degrees the pertinent parameters 

necessary to the determination of the dynamic stability of the cone 

frustum have been previously found to be: 
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(103) 

Thus equation (92), with the above terms substituted for the 

variables, becomes 

[ Xe xo 21 RB 2 2.0564 + - l.7rr-t + 0.4429 ~ - o.2s31 c an > J c k ) < o • 

(104) 

For this angle of attack condition it i.s seen that the cone 

frustum is dynamically st.able. Again, the greatest degree of 

dynamic stability is produced by the solid, homogeneous cone 

frustum. Also, the degree of stability increases as the nose 

radius approaches the value of the base radius of the body (the 

lirrii.t case being the cylinder). 

The static and dynamic stability of the bodies un.der 

investie;ation in this thesis ha.ve been defined. Also, both the 

static and dynamic stability of these configurations a.re presented 

in Table 4• 
The results, obtained from this investigation,, are discussed 

to some extent in the follot-r.ing section and various conclusions 

presented. 
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III. DISCUSSION OF RESULTS 

Drag Coefficient 

The Newtonian and Newtonian-plus-centrifugal drag coefficients, 

as obtained for the hemisphere, are presented for an angle of 

att.ack range from zero degrees to 90 degrees in l<"i.?.;Ure 6 and Table 

1. In Figure 6 the upper curve is a plot of equation (13) and 

the lower curve is a plot of equation (42). It is of interest to 

point out that the maxi.mum and minimum values of the hemisphere 

Newtonian drag coefficient are: 

Cn,J = 1.0 at a = 0 degrees 
l' max 

CDN = 0.5 at a = 90 degrees 
min 

and the maxi.mum and minimum values of the Newtonian-plus-

centrifugal drag coefficient are& 

Cn 
N + C 

= 0.75 at a = 0 degrees 
max 

c = 0.375 at a = 90 degrees 
DN + c min 

Also, the Newtonian-plus-centrifugal coefficient is found to be 

constant for angles of attack less than or equal to 30 degrees 
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since the pressure coefficient ::i.cting on the '•missing•' area is 

zero for this range of angles of attack. 

Consideration of centrifugal force effects is seen to decrease 

the hemisphere drag coefficient by a ma.xi.mum of 25 percent at 

angles of attack of zero degrees and 90 degrees. The minimum 

relieving effect of the centrifugal forces is 23 percent at an 

angle of attack of 45 degrees. Therefore, the Net·rtonia.n-plus-

centrifugal drag coefficient may be .reasonably approxirr.ated by, 

c0 = 0.75 c0 
N + C N 

The two curves presented in Figure 6 are felt to be the 

upper and lower limits of the true drag coefficient for the 

hemisphere at any angle of attack. For low hypersonic speeds 

the true drag coefficient wi..J.1 approach the Newtonian value, 

while at high hypersonic speeds it will approach the Newtonian-

plus-centrifugal value. 

The Newtonian drag coeffjcients obtained for the inscribed 

cone and minim.um-drag cone frustum are presented in Fig'lll'e 9. 

It ro.a.y be seen from this figure, and also from Figure 6, that the 

minimum-drag cone frustum exhibits a lesser drae coefficient than 

either the cone or the hendsphere, but only for angles of attack 

less than 35 degrees and for low hypersonic speeds. At high 

hypersonic speeds, where the drag coefficient for the hemisphere 
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approaches the Newtonian-plus-centrifugal value, the cone frustum 

exhibits a larger drag coefficient than the hemisphere throughout 

the entire angle cf attack range. 

Lift Coefficient 

The hemisphere Newtonian and Newtonian-plus-centrifugal 

lift coefficients, equations (25) and (47), are presented in 

Figure 7 and Table 1. The Newtonian-plus-centrifugal li~ 

coefficient has a value of zero for angles of attack less than or 

equal to 30 degrees since the centrifugal forces exactly counteract 

the effect of impact on the ''missing'' area. As the angle of 

attack increases above 30 degrees, the Newtonia.~ impact forces 

overpower the centrifugal forces and a negative lift force is 

produced on the hemisphere. 

It may also be seen from Figure 7 that the relieving effects 

of the centrifugal forces are r.m1ch greater for the lift coefficient 

than for the drag coefficient.. For instance, at an angle of 

attack of 90 degrees the centrifugal force effects decrease the 

lift coefficient by appro.xiwately 45 percent. 

The two expressions obtained in this thesis for the 

hemisphere's lift coefficient are felt to be (at lea.st) the 

upper and lower limits of the true lift coefficient at hypersonic 

speeds and angle of attack. 

The Newtonian lift coefficient for the inscr:i.bed cone and 

minimum-drag cone frustwn are presented in Figure 8. It is seen 
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that the minimum-drag cone frustum is the only configuration 

considered in this thesis which has a positive lift coefficient 

for any portion of the a.~gle of attack range. Note however that 

for angles of attack greater than 55 degrees the lift coefficient 

for the cone frustum is more negative than that for the hemisphere. 

From the preceeding discussion it may be seen that for a 

ndssile at fairly low hypersonic speeds and an angle of attack 

variation of less than plus or minus 35 degrees the minimum-drag 

cone frustum ey..hj_bits the more favorable aerodynamic characteristics. 

Thus, for these conditions, it would be desired to use this 

configuration for a missile nose shape. However, for a missile 

designed to fly at very high hypersonic speeds and a very large 

angle of attack variations (of the order of plus or minus 90 

degrees) it would be desirable to use a hemispherical missile nose 

configuration. 

Static Stability 

The individual stability para.nieters are presented in Table 3. 

It is relt that it is unnecessary to discuss these quantities here 

except insofar as they affect the static and dynamic stability. 

The static stability was shotm to be a function of C~la only. 

'l'hus the values of q,la defined in Table 3 determines the static 

stability listed in Table 4 for the three body configurations 

investigated in this thesis. r"'rom Table 4 it may be seen that 
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all configurations are stable and that the minimum-drag cone 

frustum eY..hibits the greatest degree of static stability at small 

angles of attack. However, for an angle of attack of' 45 degrees 

the inscribed cone frustum exhibits the greatest degree of static 

stability. In each case the thin shell without a base plate is 

the most stable body condition. 

Pynamic Stability 

The dynamic stability of each configuration is also presented 

in Table 4. For small angles of attack it is noted that the 

hemisphere is the only unstable configuration. At an angle of 

attack of 45 degrees the only stable configuration is the nrl.ni.L1.um-

drag cone frustum. Also it is worthy of mention that the greatest 

degree of dynamic stability is exhibited by the solid, hrilln.ogeneous 

body condi.tion. 

From this investigation of stability it appears that the 

cone frustun1 is the more desirable missile nose shape; even 

though the hemisphere was found to exhibit the more favorable 

aerod;ynarrdc characteristics over the entire range of angle of 

attack. Thus it would depend on which factors were the more 

critical for a missile design (stability or lift and drag) as to 

whether the hemisphere or the cone frustum would be the more 

desirable missile nose conf'iguration. As has been shown here the 

cone ia the median body both for stability and magnitude of 
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force coefficients. It is felt that considerations of aerodynamic 

heating and fabrication would lead to the selection of the 

hemisphere as the optimurn missile nose configuration. 
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J.V. CONCLUSIONS 

The following conclusions may be drawn from this thesis: 

1. The Newtonian li~ and drag coefficients represent the 

upper limit of the actual force coefficients for the 

hemisphere, the inscribed cone, and the mininrum-drag 

cone frustun1 at angles of attack. 

2. The Newtonian-plus-centrifugal force coefficients 

represent the lower limit of the actual force coefficients 

for the hemisphere at angles of attack. 

3. The Newtonian-plus-centrifugal drag coefficient, for 

the hemisphere, may be approximated by taking 75 percent 

of the Newtonian drag coefficient. 

4. The angle of attack may be changed by as much as 30 

degrees without appreciable change of the hemisphere's 

force coefficients. 

5. The minimum-drag cone frustum exhibits the greatest 

degree of both static and dynamic stability. 

6. The hemisphere exhibits the more favorable aerodynarrd.c 

force coefficients. 
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7. The hemisphere is the more desirable missile nose 

configuration from the standpoint of a missile possessing 

a stabilizing afterbody and requiring a large angle of 

attack variation. 
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V. RECOMMENDATIONS 

The results of the present thesis indicate that a study of 

the centrifugal force effects should be carried out for the cone 

frustum and the cone to deterndne their aerodynamic characteristics 

at high hypersonic Mach numbers. In addition~ it is felt that 

experimental data would be of great aid in determining the 

accuracy of the force coefficient equations developed here. 
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VI. Sill1tl1ARY 

In this thesis a study has been ma.de of the aerodynamic 

characteristics of a hemisphere flying at high speeds. The lift 

and drag coefficients have been obtained for the hemisphere, at 

angles of attack, through the application of Newton's corpuscular 

theory. A correction has been applied to the coefficients to 

account for the effect of the centrifugal forces acting on the 

hemisphere due to flow curvature. The application of the above 

correction then yielded the r~ewton.ian-plus-centrifugal lift and 

drag coefficients for the hemisphere. A study has also been made 

of the Newtonian force coefficients for the cone inscribed in the 

hemisphere, and the minimum-drag cone frustum having the same 

fineness ratio as the hemisphere. The results of this last study 

show that the cone frustum is the only body considered having a 

positive li~ coefficient over any portion of the angle of attack 

range (zero to 40 degrees). In addition, the hemisphere's 

Newtonian drag coGf ficient is greater than that of the cone 

frustum only for angles of attack less than 35 degrees. 

A study of the stability parameters CN , CN , C:r.-ra•and ~ a q q 
has also been carried out in this thesis. Having defined these 

quantities for the hemisphere, cone, and the cone f1"Ustum, the 

static and dynamic stability of each body was investigated. 

From this invest,igation it was concluded that the minillllllll drag cone 
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frustum exhibits the greatest degree of (both) static and 

dynamic stability. 

Three body conditions: a solid, homogeneous body; a shell body 

wlthout a base plate; and a shell body ·with a base plate were 

considered in the stability study i'or each configuration. It 

was found that a shell body, without a base plate, exhibits the 

greater static stability for each case, but that a solid 

homogeneous body exhibits the greater dynamic stability for all 

stable configurations. However, the shell body without a base 

plate, was the more stable condition for the dynamically 

unstable configurations. 

The results of this thesis indicate that the shell hemisphere 

would be the most favorable missile nose configuration of those 

considered. 'l'his is concluded since the hemisphere exhibits the 

more favorable force coefficients and the application of a missile 

a~erbody i10uld produce a stable missile configuration. 
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TABLE 1 

HEMISPHERE FORCE COEFFICIENTS 

a c DN + C (-) C1N + C CDN (-) CLN 

0 0.75000 o.o l.O - 0 
1 1.0 - 0 
2 l.O - 0.00001 
3 1.0 - 0.00004 
4 1.0 - 0.00009 
5 0.99999 - 0.00017 
6 0.99998 - 0.00029 
7 0.99997 - 0.00045 
B 0.99993 - 0.00068 
9 0.99988 - 0.00096 

10 0.9998 - 0.0013 
11 o.999g - 0.0017 
12 0.9997 - 0.0023 
13 0.9995 - 0.0029 
14 0.9993 - 0.0036 
15 0.9991 - 0.0043 
16 0.9989 - 0.0052 
17 0.9986 - 0.0063 
18 0.9982 - 0.0074 
19 0.9978 - 0.0086 
20 0.9972 - 0.0100 
21 0.9966 - 0.0115 
22 0.9960 - 0.0131 
23 0.9953 - 0.0149 
24 0.9946 - 0.0168 
25 0.9936 - o.01s9 
26 0.9925 - 0.0211 
27 0.9913 - 0.0233 
28 0.9901 - 0.0259 
29 0.9886 - 0.0285 
30 0.7500 - o.o 0.9869 - 0.0313 
31 0.7483 - 0.00007 0.9853 - 0.0342 
32 0.7466 - 0.0003 0.98.35 - 0.0372 
33 0.7450 - 0.0005 0.9813 - 0.0404 
34 0.7434 - 0.0009 0.9791 - 0.0437 
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TABLE 1 

CONTINUED. 

<X c DN + C (-) °tN + C CDN (-) Cr,N 

35 - 0.74Z7 - 0.0013 0.9766 - 0.0472 
36 0.7401 - 0.0018 0.9741 - 0.0508 
37 0.7383 - 0.0026 0.9713 - 0.0545 
38 0.7367 - 0.0036 0.9686 - 0.0584 
39 0.7351 - 0.0049 0.9654 - 0.0623 
40 0.7334 - 0.0065 Oe9618 - 0.0664 
41 0.7313 - 0.0078 0.9576 - O.Cfl06 
42 0.7293 - 0.0094 0.9546 - 0.0748 
43 0.7Z70 - 0.0112 0.9513 - O.Cfl93 
44 0.7247 - 0.0131 0.9465 - 0.0839 45 0.7222 - 0.0154 0.9409 - 0.0884 46 0.7195 - 0.0178 0.9355 - 0.0931 
47 0.7166 - 0.0206 0.9308 - o.097s 4S 0.7136 - 0.0235 o.wn3 - 0.1026 
49 0.7104 - 0.0265 0 .. 9201 - 0.1075 50 0.7071 - 0.0296 0.9146 - 0.1124 
51 0.7034 - 0.0327 0.9087 - 0.1173 
52 0.6996 - 0.0360 0.9013 - c.1223 
53 0.6955 - 0 •. 0393 o.8947 - 0.1273 
54 0.6910 - 0.04...,77 o.sss3 - 0.1324 
55 o.6864 - 0.0463 o.ss19 - 0.1374 
56 0.6811 - 0.0498 0.8732 - 0.1424 
57 0.6755 - 0.0535 o.S651 - 0.1475 
58 o.6694 - 0.0571 0.8575 - 0.1524 
59 0.6608 - 0.0608 o.s499 - 0.1574 
60 0.6548 - 0.0644 o.a411 - 0.1624 
61 0.6454 - o.o6BJ 0.8333 - 0.1672 
62 0.6361 - 0.0720 0.8235 - 0.1721 
63 0.6267 - O.Cfl5B o.s153 - 0.176$ 
64 0.6174 - 0.0794 o.so49 - o.1s15 
65 0.6081 - 0.0831 0.7966 - 0.1861 
66 0.5988 - 0.0867 o.;7s62 - 0.1906 
67 0.5B95 - 0.0903 0.7758 - 0.1950 
68 Oe5801 - o.093a 0.7653 - 0.1993 
69 o.57oa - 0.0973 0.7550 - 0.2034 
70 0•5615 - 0.1007 0.7446 - 0.2Cf/4 
71 0;.5522 - Oel038 0.7343 - 0•2113 



ex Cn.N + C 

72 0.5428 
73 0.5335 
74 0.5242 
75 0.5149 
76 0.5055 
77 0.4962 
78 0.4869 
79 o.1i-776 
80 0.4682 
81 0.4589 
82 0.4496 
83 0.4403 
84 0.4310 
85 0.4216 
86 0.4123 
~ O.l~030 
88 0.3937 
89 0.3843 
90 0.3750 
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'rABLE 1 

CONCLUDED. 

Cr,N + C 

- 0.1069 
- 0.1099 
- 0.1127 
- 0.1154 
- 0.1181 
- 0.1207 
- 0.1232 
- 0.1256 
- 0.1278 
- 0.1297 
- 0.1314 
- 0.1329 
- 0.1341 
- 0.1352 
- 0.1362 
- 0.1369 
- 0.1374 
- 0.1377 
- 0.1378 

c Ct Dr~ N 

0.7216 - 0.2151 
0.7104 - 0.2186 
0.6965 - 0.2221 
o.6S52 - 0.2252 
0.6729 - o.22e4 
0.6605 - 0.231.3 
0.6479 - 0.2339 
o.6356 - 0.2365 
0.6232 - 0.2388 
o.6uo - 0.2409 
0.5987 - 0.2428 
0.5861 - 0.2.444 
0.5733 - 0.2459 
0.5605 - 0.2).{/2 
0.5482 - 0.2482 
0.5359 - 0.2490 
0.5238 - 0.2495 
0.5118 - 0.2499 
0.5000 - 0.2500 
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TABLE 2 

BODY CE1'.1TROID AND RADIUS OF GYRATION 

CONFIGURATION BODY Y-o/RB k2 

Hernisphe1•e Solid 5/8 0.2594 H.B2 

Shell without Base 1/2 0.4167 RB 2 

Shell with Base 2/3 0.3911 RB 2 

Cone Solid 3/4 0.1875 RB 2 

Shell ·without Base 2/3 0.5556 l~B2 

Shell with Base 0.805 0.4561 RB2 

Cone Frustum Solid 0.6397 0.2328 RB 2 

') 

Shell without Base 0.527 0.5846 RB"' 

Shell with Base 0.6977 0.585 R 2 
B 



TABLE 3 

HYPERSONIC STABTI..ITY PARAMETERS 

SMALL ANGLE OF A'l'TACK 

Hemisphere Solid Body Shell without Base Shell with Base 

Cr·Ja 100000 1~0000 i.ccoo 
C'··J •·q 0.3750 0.5000 0.3333 

'1·i - 0.3750 - 0.5000 - 0.3333 a 

Cr'lq - 0.11-:-06 - 0.2500 - O.llll 

Cone 

Cp l.COOO 1.0000 1.0000 
~a 

Cr ~q o.5s33 o.6667 0.5283 

Ci•1a - 0.5833 - o.6667 - 0.5283 

Cr·iq - 0.5625 - o.6667 - 0.5013 

Cone r'rustum 

CN 1.2361 1.2361 1.2361 
·a 

Cr 
\jq 

0.7703 o.8563 0~7260 

Cy ·ia - 0.7703 - o.8563 - 0.7260 

c~ - 0.4Z/8 - 0.5560 - 0.3665 
~q 



'rAm.E 3 

CON'l'INUED. 

45 DEX:lRlm ANGLE OF ATTACK 

Hemisphere Solid Body Shell without Base Shell with Base 

CN a 2.391e + o.3s26 <i 2.3918 + O.hSPr{ q 2.3918 + 0.3472 q 
C~-lq 0.1835 + 0.2206 q 0.2865 + 0.2809 q 0.1492 + 0.2005 q 
c,~. l·"a - 0.8969 - 0.1434 q - 1.1959 - 0.2.444 q - 0.7972 - 0.1157 q 

~q - 0.0688 - 0.0827 q - 0.1103 - 0.1405 q - o.oL~97 - 0.0668 q 

Cone 

c"J 2.0000 2.0000 2.0000 
l a: 

CN 0.9167 1.0000 0.8617 q 
CF - 1.1667 - 1.3333 - 1.0567 t'la. ' 
Cr1~ 0.0208 •q - O.llll 0.1003 

Cone Frustum 

Cp 
·"a: 

2.9686 + 1.5211 q 2.9686 + 1.6379 q 2.9686 + 1.4700 q 
CN ·q 1.0734 + l.?fT/8 q 1.1767 + 1.6302 q l·.0202 + 1.7478 q 
c .... "' / - 0.1310 - 0.0858 q 0.4439 + 0.1866 q Hex 0.3370 + 0.0973 q 

CM q - 1.6195 - 0.1206 q - l·.6322 - O.'Z.379 q - 1.6158 - 000630 q 



TABLE 4 

filiALL ANGLE OF ATTACK 

STABILITY 

Body Hemisphere Cone Cone Frustum 

Static Dynamic Static Dynamic Static IP.{?lar.aic 

Solid (+) (-) (+) (+)'A: (+) (+)A: 

Shell (+)~ (-)Jl: ( + )Jl: (+) (+)t (+) 

Shell with Base {+) (-) {+) (+) {+) (+) 

45 DBJREE ANGLE OF ATTACK 

STABILITY 

Body Hemisphere Cone 

Static lr.{?lamiC Static Dynamic 

Solid (+) {-) (+) {-) 
Shell (+)* (-)· (+):A {-)* 
Shell with Base (+) (-) (+) (-) 

I-!OTE: {+) indicates a stable condition 
(-) indicates an unstable condition 
1\ indicates the most stable body condition 

Cone Frustum 

Static Dynamic 

(-) (+)* 

(-)• {+) 
(-) (+) 

I 
00 
0 
I 
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Figure Figure 2 

Hemisphere Body Coordinates 



Figure 3 

Effect of Centrifugal Forces 

on the Hemisphere 

r,w=f 

Figure 4 

General Body of Revolution 

(Stability Coordinates) 
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CONE 
FRUSTUM 

FIGURE 5a 

HEMISPHERE 

Minimum - Drag Cone Frustum 
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Figure 5b 

General Body of Revolution 

(Determination of Radius of 
~ 

Gyration) 
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Figure 6 

Hemisphere Drag Coefficient 
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Figure 7 

Hemisphere Lift Coefficient 
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A- Minimum-Drag Cone Frustum 

B-lnscribed Cone 

Figure 8 
Cone and Cone Frustum Lift 

Coefficient 
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A-Minimum-Drag Cone Frustum 
B-lnscribed Cone 

Figure 9 

Cone and Cone Frustum Drag 
Coefficient 



AJJROOIMAMIG C1WtACT!ftBTI68. GP A HIMI.SPHIRI 

A.T HIP._.Ie SltlllDS 

bJ 

It ie the parpeae ot the JftMnt Uleaie to iJmtatigate MY8N.l 

a.1.aail• noee oentigaraticma to detAnd.ne the m.t. etticiea\ bod,y 

fl"OIB \he 9\andp>in\ ot both aerod.Jnaaic a~ica and .t.abWty. 

· TbrM cont1gutat.10M wre chc>Hn to be atudied. The• ares 
(1) A head.epien 

(2) A cone 1118Uibed in \he haliali\•N 
(3) The~ ~ne rru.tua tor the .. tiiwaeea ratio 

u tbs 1-d.apaere. 

For each ot the abovw todi•, Hlwton'• ilpct. tbeo17 waa applied 

to obtain the Utt.. and draa coetti•ienta tor an angle et attack range 

ot aero '8 9$ deal'Ma• 

In additdoa to the ~ force ooetficienta, the lltat.ic 

and ~ 8tabillt1 ot MCh ot theae contigtll'&tiona were studied • 
• 

In tJd.1 pat. ot the inYes\ip\1on \hNe P>1aical ... dist.r1but.1ona 

were ohoeer1 tor each ~ tn-1 naml)', 

(1) A 90lld, NmogefttlOU8 bf>4)r 

(2) A Mill ~ w;ttla ne t.M 

(3) A llhell ~ wd.th a beee. 



In o~•r to inlr•atia.te··t4M1 ·•t/attc· -ind· d1nudc et&"bil~\y it . . . .. n~··~ to d.e;tiM t~ puuet_ .... ~-· c'N9', C,..1. ·~ CMq. 
Having-··~~- ~h· afxwc wU-t.en th.. atabili,.i .. f)t ~h Jlli.sail• . . 

no•~:·epnti&Uratdort- .... ob~ained ~ each -Jlht·~~--·· diatri~\ion. . . . 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090

