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Effect on Slender Vehicle Dynamics of Change from Spherical

to Conical Nose Bluntness

Lars E. ERICSSON* AND ROLF A. GUENTHER }
Lockheed Missiles & Space Company, Sunnyvale, Calif.

It is by now well established that spherical nose bluntness has a large effect ori vehicle dynamics. However,
comparatively little data are available for the effect of nonspherical nose bluntness of the shapes resulting
from ablative nose tip recession. As the conical nose tip geometry approximates the nose shape expected
after ablation under turbulent heating conditions, a previously developed analytical theory for the hyper-
sonic unsteady aerodynamics of spherically blunted cones has been extended to account for the effects of conical
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nose bluntness. It is found that (ablative) changes from spherical to conical nose bluntness can have significant
effects on stability and trim characteristics of slender cones. The theoretical predictions are shown to agree
well with available experimental data. It is shown by the theory and verified by experiments that the effects of
conical nose bluntness can be represented by universal scaling laws involving two scaling parameters. These
scaling laws demonstrate that there exists a critical nose bluntness for which the ablation change from spherical
to conical nose-tip has no effect on the vehicle stability derivatives.

Nomenclature
a = speed of sound
c = reference length (cone base diameter, dp)
dp = base diameter
dy = nose (bluntness) diameter
Dy = nose drag coefficient Cpy = Dn/(po Un?[2)(rdN?{4)

= pressure correlation function

= velocity ratio, g = U/U,

= sharp cone body length, m (see inset in Fig. 7)

= Mach number, M = Ula

= pitching moment coefficient Cp, = M,/(pUx?/2)Sc

= static pressure coefficient C, = (p — Pw)/(po Ux?/2)

= rigid body pitch rate

= body radius (see Fig. 1)

= radial distance from bow shock centerline (see Fig. 1)

= bow shock radius (see Fig. 1)

= reference area, S = mwc?/4

= time

== axial velocity

y = velocity normal to body surface

= axial body coordinate (see Fig. 1)

= bow shock location (for M — )

= cone center of gravity location forward of base

= inertial space coordinate

= translatory coordinate (see Fig. 1)

= angle-of-attack

= specific heat ratio (y = 1.4 for air)

= difference or increment

= cone half angle

= half angle of conical tip

= hypersonic scaling parameter for nose directing effects
defined in Eq. (16)

= air density

= azimuth location (see Fig. 1)

= hypersonic similarity parameter defined in Eq. (I1¢)

= hypersonic scaling parameter for nose drag effects defined
in Eq. (15).
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Subscripts

B = base

c = cone

c.g. = center of gravity or oscillation center
max == maximum

N  =nose

P = plateau

sh = bow shock
o = freestream conditions

o = first body station after the nose

0 =at¢$=0

1 = nondirecting nose bluntness effect, Cpy, =0

2 = increment due to nose directing effect, Cpy, # 0

Superscripts

i = induced, e.g., A'C, = nose bluntness induced pressure
(change) on aft body

Derivative Symbols

o = duafot
Crna = 0Cp/0a )
Cmq = aCm/a(Cq/ UOO); Cm‘; = acm/a(ca/Uoo)

Introduction

HAT nose bluntness has a large effect on slender cone

vehicle dynamics has been well documented by experi-
ments'~* and is also predicted theoretically.** The em-
phasis of experimental and theoretical research has, however,
been on spherical nose bluntness, and comparatively few
data are available about the effects of nonspherical nose
bluntness. As the ablating re-entry vehicle always will have
a nonspherical nose-bluntness during the major portion of
its atmospheric trajectory, it is important to know what the
effects of nonspherical nose bluntness are.

In the present paper a previously developed analytic theory
for spherically blunted slender cones® is extended to account
for the effects of conical nose bluntness. The conical nose
tip geometry approximates the expected vehicle nose shape
after ablation under turbulent heating conditions. The
spherical nose bluntness characteristics are used as a reference
for the effects of conical nose bluntness. The validity of the
developed analytic theory for spherical nose bluntness effects®
has been confirmed by theoretical and experimental research.?
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Analytic Approeach

The hypersonic inviscid shear flow over the aft body behind
a blunt nose is determined by the shape of the bow-shock.¢"”
The shock shape is determined by the nose bluntness and can
be related to the nose drag.® The Embedded Newtonian
shear flow profiles can be represented by one-parameter
similar profiles, leading to a simple analytic formulation for
the unsteady aerodynamics of blunt cylinder-flare bodies®
and blunted slender cones.®

At angle-of-attack the nose-bluntness-generated “entropy
wake” is translated across the “embedded” aft body (Fig. 1).
For spherical nose bluntness the nose drag remains constant
and the translation of the “entropy wake” is the total nose
bluntness induced effect. For conical nose bluntness with
the same nose drag (45° nose cone angle), however, the (top
and bottom side) nose drag does not remain constant. The
decreased top or leeward side nose drag causes a decrease of
the entopy wake thus offsetting some of the wake translation
effect (Fig. 1). A similar decrease of the wake translation is
realized on the windward side. Thus the nose-bluntness in-
duced aft-body loads are decreased when going from spherical
to conical nose bluntness (without changing the nose drag).

Another effect of conical nose bluntness is to cut off some
of the high blast wave pressures'® (Fig. 2). The ‘plateau
pressure” is predicted by a pseudo-Prandt-Meyer expansion
from fore cone to aft body cone angle (Fig. 3). At angle-of-
attack the tangent-cone concept, which is used throughout the

Fig. 1 Nose blunt-
ness-induced entropy
wake at small «.
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Fig.2 Pressure distribution over blunted cones at & = 0 (Ref. 10).
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present analysis, describes the variation of the plateau pressure
and its extent, generating a deviation of the near nose loads
from those for spherical nose bluntness. This effect is, how-
ever, small unless the nose bluntness is very large. The
dominant effect of conical nose bluntness is the nose drag
variation discussed earlier, which causes reduced aft body
loads.

Analysis

It has been shown earlier>® that by using hypersonic
similarity concepts for the entropy wake, the embedded
Newtonian flowfield, the pressure on the conical frustum of
a blunted cone can be defined as follows, applying the tangent-
cone concept for small « and 4.:

~0.081 Cou'”? -
p_—(x/dzv)—(XN/dN)—’r(Vl/U)f(X ) (la)
0.38 +2.75y*  :1x*<0.5
f&x*) = {2 —6.86(0.7 — x*)?: 0.5< x*< 0.7 (1b)
2 107 < x*
x* = [(Rldy)y — (1/2)1/ Con**[(x/dy) — (xn/dn)] (1c)
R\’ z\? z 1 x—x, .
(d_N) = (:1;) -+ 2(;1;) cosa [E + 7 05] sing +

2
—+ r—X 8.) [cos? asin? ¢ + cos? $] (1d)
2 dN

VJ__
U‘

. X  Xce 1 x—x, dvg .
XXz 6.) 6.1 24
0.+ « sing [dN 4 (2 7 ) ] U sing
(le)

Differentiating Eq. (1) with respect to « gives the following
derivatives}

Cpa - (Cpab)l + (CpaL)Z + (Aicpz)l + (Alcpa)Z (2a)
(Coar)1 = 20 f(x*)[1 + (/0.) sind]sing (2b)
(Cpar)2 ={0.081/2Cpn* *[(x/dy) — (xn/dn)IH(dCor/dx) (20)

Ao = 2625 L1+ (2 sing T
pa/l c ax* oc

zldy + {12 + [(x — x0)/dn18.} sind d(z/dy)
(R/dw)(R[dy — 1/2) do

(29)

2 af d(IOgCD)v) o . z
(1C)s = 030" o T [1 + (0—) sm¢] @e)

1 The authors are thankful to O. Walchner for pointing out a
mistake in the expression for (A'Cpg,), in Preprint ATAA 71-931.
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It is dCpy/dx in Eq. (2) which expresses the attitude sensitivity
of the conical nose bluntness. In the local component
(Cpar)2 the effect of dCpy/de is to change the radial distance
to the bow shock, thereby changing the dynamic pressure
profile as expressed through f(x*).

Using the tangent cone concept and the modified Newtonian
theory, the nose drag (for the ¢-slice) is defined as follows.

Cox = 3 J C, tan(0 + a sing)rdx; C,
sz XN

- Cpmax Sin2(9 + a singS) (3)

For a conical nose tip, 0= 6y = constant, the nose drag
characteristics are (for small angles of attack)

Con = Cpmax SIin?(0y + a sing) ; (dCpn/dox)
= Cpmax Sinz(aN + o Sin¢) Sin(ﬁ (4)

At o = 0 the nose drag derivative becomes simply
(dCpn/dx) = (dCpn[dx)o sing; (dCpnjdx)o = Comaxsin28y  (5)

Differentiating Eq. (1) with respect to (cq/Us) gives the dy-
namic derivative due to local pitch rate.

G f*) (o AW
- () 20 ()1 (3) s+
Us

) s @

U 0.68 + 0.42y*1/2: y* < 0.5
I =7 =
1 105 < y*

Us
The dynamic &-derivative, which is generated by convective

time-lag effects, can be obtained from the variation with time
of the induced pressure A'C,

BAIC, [Z(x,t) _ Z(xo, t — At)} n
OA'C, dCpy

zZ dN dN
of —
(2
6CDN dzx

The time Az is the time lag occurring before the effects of
perturbations at the nose (x,) have been convected down-
stream to the submerged body element (x).

AIC,(t) =

ot — Aty (7)

At = (x — %)/ U = (x — x0)[ U g(x*) ®
For a rigid body, z is (for small «)
z2=2(x) — Z(x,); Z = Zcc + (x — Xca)x ®

and Eq. (7) can be written:

A} — Y —
A1) = GAIC, [x XS oty — X__j_{c_c ot — At)] +
N

z dN
ol —
(@)

For slow oscillations, (c&/Ux)* <1, a(t — At) is given by
the first terms in a Taylor expansion, i.e.,

alt — At) = alt) — a(t)At (11)

Thus, Eq. 10 can be written in the following form:

IANIC, dCpy
9Cpny do

a(t —At) (10)

! dN 0 T ACG &
AC,(1) = aAZCP = {a+ [x = / y(x*)] {]—]Jr
a(~) ®
dy

OA'Cp dCyn X — X, o] e
Con dx {“ [ ’ /g(X )] ?]—;} (12)
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The dynamic & derivative is given as

. OA'CH(1) . Xo Xco
MGy = ) = (81C,, (22— X0 [
G~ cp)l(c C)/g(x)+

(AC,a). ("— - f) / a6 (13)

c ¢
The normal force and moment derivative contributions
from the conical frustum can be determined from the above
expressions for the C,-derivatives. The contribution from
the nose itself is computed using modified Newtonian Theory.

Discussion of Results

As was indicated earlier, the main effect of a change from
spherical to conical nose bluntness, while keeping the nose
drag constant (6y = 45°), is to change the aft body loads in-
duced by the nose bluntness (Fig. 4). Only for very large
nose bluntness ratios will the modification of local loads at
the cone-cone shoulder become important. Difference in
local nose tip loads will be much more important, judging
from the Newtonian (sharp cone) load level at the shoulder.
The load modification due to the conical nose tip, the negative
load distribution, will increase stability if the center of gravity
is downstream of its centroid location, (x — x,)/dy ~ 10 in
Fig. 4, and will decrease the static stability when the c.g. is
upstream of this location. This critical (x.., /dy)-value
corresponds to a critical bluntness ratio

(xc.g./dN)critl = (chg‘/l)/Q' tanec(dN/dB)crit (14)

This is confirmed by the data in Fig. 5. The present pre-
dictions agree rather well with recent experimental results,'?
especially when considering the small static margin and as-
sociated large scatter of the data in Fig. 5. Because of the
convective time lag effects, associated with the nose bluntness
induced effects, reversed reactions are exhibited by dynamic
and static characteristics.” Where the conical nose tip
increases static stability, (dv/dg) <0.15, it decreases the dy-
namic stability, and vice versa for (dy/ds) > 0.15. If there
had been experimental dynamic data available, we would
have expected them to confirm this predicted reversed effect.
When the conical tip effect is concentrated to the forebody,
dy/ds <0.15, the dynamic amplification factor (x, —x) in
Eq. (13) is small, and the change from spherical to conical
nose tip will increase static stability without incurring any
appreciable loss of dynamic stability. At dy/ds > 0.15 the
dynamic amplification becomes large. However, much of
the effect shown in Fig. 5 is due to the sharply decreased
magnitude of the normalizing value, the damping derivative of
a spherically blunted cone (see Fig. 7).

The use of spherical nose bluntness data as a norm for the
evaluation of conical nose bluntness effect is based upon the
following more or less well established facts. It is very

LOAD LOSS DUE .~
TO CONICAL TIP,” AN

— ——SPHERICAL TIP
= —-«—~ SHARP CONE

1 2 3 4 5 ] 7 8
{X-X0)/ dy

Fig. 4 Effect of conical bluntness geometry on frustum loads at
a=0.
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Fig. 5 Effect of 50° conical nose bluntness on stability derivatives of
9° cone.

difficult to compare inviscid predictions with viscous experi-
mental data, especially when the tests are run at hypersonic
low density conditions. Boundary-layer cross flow becomes
very important'® and support interference may distort the
data, especially in dynamic tests.'* 1t was shown in Ref. 5
that if experimental and theoretical data were normalized by
use of sharp cone data, thus eliminating boundary layer cross-
flow effects that are common to both sharp and spherically
blunted cones,§ good agreement was found to exist between
the analytic predictions by the present method and available
experimental data. Since then the present analytic method
has been checked further in regard to its capability to predict
the aerodynamic characteristics for spherically blunted cones.
The present analytic method agrees well with the much more
time consuming method of characteristics,’> and both
methods predict the experimental data obtained in wind tunnel
and ballistic range tests.?

Thus, the veracity of the present theory in predicting the
effects of spherical nose bluntness is well documented. In
regard to the effects of nonspherical nose bluntness, the
analysis presented here, Eqs. (1-14), shows that the basic nose
drag effect of frustum loads (constant Cpy) is insensitive to
shape. Consequently, that portion of the nose bluntness
induced effect should by predicated as well for conical as for
spherical nose bluntness. The new effect induced by a conical
nose tip is the attitude sensitivity of the nose drag, Cpy. # 0.
As a spherical and a 45° conical nose tip have the same drag,
the difference shown in Fig. 4 is caused entirely by the nose-
tip-directing Cpn,.-effect.  Thisis also to a large extent true for
the data shown in Fig. 5, where 8y = 50° rather than 8y = 45°.
That is, the experimental data in Fig. 5 confirm the effects of
nonspherical nose bluntness predicted by the present theory.

This confirmation would not have been obtained in a direct
comparison between inviscid theory and (viscous) experi-
ments. In addition to preventing boundary layer cross flow
effects and support interference from distorting the compari-
son, using incremental characteristics also eliminates those
strong viscous interaction effects near the nose!® that are
common to both spherical and conical nose tips.

§ In the near nose region the cross flow effects are not similar to
those for a sharp cone and this similarity is therefore good only for
moderately blunt slender cones.

J. SPACECRAFT

The effect of nose cone angle #y on the bluntness induced
frustum loads on a 9° cone is shown in Fig. 6. As can be
seen, the effects are substantial. The data show the total effect
of nose cone angle, i.e., both the change of Cpy and the Cpn,-
effect are included. When trying to compare different sets
of experimental data one runs into one very common problem :
usually more than one of the significant parameters, i.e., cone
angle (6.), nose shape (spherical or conical 8y), bluntness ratio
(dn/dg), and center of gravity, (x.../l), is changed between
different tests. This makes it difficult to evaluate what the
effect of one single parameter is, e.g., the nose shape. One
needs a scaling parameter that includes the effects of more
than one of the basic parameters mentioned above. Because
of the simplicity of the embedded Newtonian concept used
in the present analysis, it was found possible to formulate such
a scaling parameter for the effects of spherical nose blunt-
ness. !t

x: = (tan8./2)/(dn/ds)Cpn' "> (15)

For spherical nose bluntness (and for 6y =45°) modified
Newtonian theory gives Cpy =0.90. Thus, for slender (6.
small) spherically blunted cones the scaling parameter y,~! =
1.9 (dx/ds)/8. accounts for the combined effect of bluntness
ratio and frustum cone angle, and data for the same center of
gravity are represented by one universal curve. Cone angles
of 5, 5.6, 6, 6.3, 7.25, 9, 10, and 12.5 degs have been used in
combinations with nose bluntnesses from zero up to dy/dp =
0.40. All these individual pieces of valuable data can now be
combined to define this universal curve for experimentally
determined effects of nose bluntness on slender cone vehicle
dynamics. Figure 7 shows only the experimental data avail-
able in the open literature.”>> One might, of course, expect
the curve to change somewhat as more data becomes available.
However, this universal curve for the experimental data agrees
rather well with predictions made by the analytic theory that
helped formulate this scaling parameter.®-'' The deviation
is consistent with the viscous-induced effective increase of nose
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Fig.6 Effect of nose angle on static and dynamic stability characteris-
tics of a 9° blunted cone (frustum loads only).
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Fig.7 Universal scaling of spherical nose bluntness effects.

bluntness'-*¢ that still remains after ‘‘normalizing” of the
experimental data.

The data in Fig. 6, removed of the Cpy,-effect (i.e., showing
only the effect of a constant Cpy corresponding to the nose
cone angle fy), are shown in Fig. § plotted against the scaling
parameter x,”!. In accordance with the expectations ex-
pressed earlier in discussing Figs. 4 and 3, the data are well
represented by one universal curve. The amplification of the
nose drag induced frustum loading by the Cpy.-¢ffect is shown
in Fig. 9 against the same scaling parameter. The data seem
to be ordered along the horizontal coordinate y,~*. How-
ever, the Cpnoeffect is dependent not only upon 6. but also
upon Oy. In order to organize the data along the vertical
axis, we need an additional scaling parameter for this com-
bined effect of 6y and 4..

Examining Egs. (2 and 5) one finds that for « = 0 the ratio
between the Cpy.-effect on frustum pressure, (A!C,.)2, and the

1.8
S 1.6 /e
I
Z f \v
= 1.4 4

‘\A\HA

<,
Fofd i

—aam
0.85 T 3
- 1.2 T
) /‘.4\{ AX/2 =0.40
1.0 < _ ol ge
% ‘\ 90 6°F 9
3 . - 30°
2 0.8 _o 4Oy =300
e \ o w g =40
° =
g 0.6 N p
£

= 50°
vveN 5

E‘ : 51 N~
L. Vo 1 ax;l

Fig.8 Conical nose drag effects on stability characteristics of slender
nose cones (frustum loads only).

SLENDER VEHICLE DYNAMICS 439
o0 1
=
— e B
0 I |
-z
_oE 0.1
=
0
0 0.1 0,2 0.3 0.4 dN/dB
EEY
oF Aoy =30°
*U‘ oy =40° A
F TV W/
= | ‘ :
—~— ‘ !
0.4 l L i /H’
g H
[&]
+ 0.2
o
£
o
<| o0 0.1 0.2 0,3

Fig. 9 Nose-tip-directing (Cpy,) effects on stability of a 9° blunted
cone.

constant nose drag effect, (A'C,,);, can be formulated as
follows:

i = [(ATCp) 2/(A'Cpe)1] = —[(Cona)o/Conoll0/41  (16)
For conical nose bluntness «y becomes?
Ky = —(1/2)(tand, /tanfy)

Thus, if the data in Fig. 8 are normalized through dividing by
kn, the Cpns-effects are represented by one universal curve
(Fig. 10). When «y is close to 45°, «y scales also the nose
directing effect normalized to spherical nose bluntness char-
acteristics (Fig. 11). The combined usage of Figs. 8 and 10
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— 3 ~=40°
5| 2 O gy=40
ot - °
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. . 0.3 0.4dy/dy
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| Z 1
¥ x
% 0.1 0.2 3 0.4
. . 0. -4 dy/dy

Fig. 10 Universal scaling of nose-tip-directing (Cpy.) effects for 6°
and 9° cones (frustum loads only).

9 Throughout the analysis in this paper it is assumed that 8, is
small. (sinf, = tanf, = 0,..) Note that —2ky also correlates the
plateau pressure in the cone-cone shoulder region (Fig. 3).
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EXPERIMENT (REF, 12)
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Fig. 11 Universal scaling of nose-tip-directing (Cpy,) effects for
Oy = 50°.

or 11 will provide the contribution from frustum loads to the
stability characteristics for a slender cone with arbitrary 6.
and fy. The local nose lift is accounted for simply by use of
modified Newtonian theory (Cpm., = 1.8).

Conclusions

An analysis has shown that ablation induced shape changes,
from initially spherical to conical nose tips, can have large
effects on the stability characteristics of slender cones. The
results can be summarized as follows. 1) The developed
analytic theory predicts the experimentally observed static and
dynamic stability characteristics of slender cones with conical
nose bluntness. 2) Changing from spherical to conical nose
bluntness without a change of nose drag (v = 45°) will in-
crease static stability for moderate nose bluntness and de-
crease it for large nose bluntness. The effects on dynamic
stability are opposite, causing some decrease for small and a
substantial increase for large nose bluntness. 3) There exists a
critical nose bluntness such that ablative changes from spheri-
cal to conical nose bluntness have no effect on the vehicle
stability. 4) The effect of conical nose bluntness can be repre-
sented by uniquely valid relationships using two scaling
parameters, thus permitting ‘‘analytic extrapolation™ from
one set of experimental data to blunted cones with different
nose cone and frustum angles.
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