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Universal Scaling Laws for Nose Bluntness Effects on
Hypersonic Unsteady Aerodynamics

LARS ERIC ERICSSON*
Lockheed Missiles & Space Company, Sunnyvale, Calif.

The hypersonic aerodynamic characteristics of pointed bodies of revolution are relatively
well understood and can be predicted theoretically, at least as long as the viscous effects are
not large. No such satisfactory conditions exist for blunted bodies of revolution, especially
not in regard to the bluntness induced effects on the vehicle dynamics. Embedded Newto-
nian flow concepts and hypersonic similitude are used to develop universal scaling laws that
can predict the nose-bluntness induced effects on the hypersonic characteristics of slen-
der bodies of revolution. The derived scaling laws are found to collapse the limited experimen-
tal data available. The laws permit one set of test data, or theoretically derived characteris-
tics, to be extrapolated to predict the nose-bluntness induced effects for another configur-
ation in the same geometric family, e.g., blunted cones and blunt cylinder-flare bodies. The
derived scaling laws, when combined with existing pointed body theories, should provide the
capability to predict the hypersonic unsteady aerodynamic characteristics of most blunter!
slender bodies of revolution of current interest.

Nomenclature
AA = surface area element, m2

c — reference length, m (cylinder caliber or cone base
diameter, ds)

ds = base diameter, m
&N = nose (bluntness) diameter, m
DN = nose drag; coefficient CDN = DN/(pmUco

2/2)

f — dynamic pressure ratio, / = pU2/p<x>U<x>2

g = velocity ratio, g = U/U&
I and 1Q = geometric length dimensions (see Figs. 2 and 3)
p = static pressure kg/m2, coefficient Cp = (p — pm}/

q — rigid body pitch rate, radians/sec
r = body radius, m (see Fig. 1)
R = radial distance from bow shock centerline, m

(see Fig. 1)
RSh = bow shock radius, m
5 = reference area, m2 (S = ?rc2/4)
t = time, sec
U = axial velocity, m/sec
x = axial coordinate (see Fig. 1)
Ax = cone e.g. coordinate (see Fig. 3)
a = angle of attack, radians or degrees
5* = boundary-layer displacement thickness, m
A = difference or increment
rj = r/c = dimensionless radius
6 = surface slope, radians or degrees (see Fig. 1)
£ = x/c = dimensionless axial coordinate
p = air density, kg sec2/m4

<r = radial distance ratioed to shock radius, <r = R/RSh
xi and xio = hypersonic correlation parameter, Eq. (15)
co = pitch frequency, radians/sec
Subscripts
B = base
c = cone
e.g. = center of gravity or oscillation center
F = flare
max = maximum or stagnation value
L = local instantaneous force
N = nose
sh = bow shock
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0 = at bow shock centerline
co = freestream conditions or Newtonian values

Superscripts
i = induced, e.g., A*Cm = nose bluntness induced

pitching moment coefficient

Derivative symbols
Cma = bCw/d
Cmq
Cma
Cmq + Cm&

Introduction

BLAST wave similitude of hypersonic nose bluntness
effects has long been established.1-2 Blunted cone

pressures are well correlated using Cheng's similarity param-
eter.2'3 Walchner and Clay4 concluded that the integrated
aerodynamic loads should also be correlated if the blunted
cone body length was chosen as the reference length. They
could not, however, theoretically account for the experi-
mentally observed dynamic stability trends for reasons that
become evident when the nose bluntness induced entropy
wake effects are correctly accounted for.5"7

Embedded Newtonian flow concepts are used in the present
paper to derive the nose-bluntness induced effects on the
static and dynamic stability of slender bodies of revolution.
It is shown how a universal scaling of the ratio between
blunt and sharp body stability characteristics can be ac-
complished. The derived scaling laws collapse theoretical
and experimental data for 5.6° and 10° half-angle blunted
cones to one (preliminary design) curve.

Analysis

SeifFs embedded Newtonian flow concept8 is described by
Eq. (1). In past applications of this concept by Seiff and
others the effects of translating a body element in the entropy
gradient field were neglected. Thus, for the a derivative

da

the last term was neglected. It can be shown6 that this was
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justified for very blunt cylinder flare bodies at a = 0. How-
ever, at angles of attack where the flare will protrude into the
high-entropy gradient region the effects are no longer small.9
In the case of dynamic stability derivatives the finite time
lag occurring before the nose translation has resulted in a
translation of the nose (blast wave) generated flowfield at
the flare must also be accounted for.5 For moderate nose
bluntnesses this unsteady embedded-Newtonian theory can
also be applied to a slender cone.7 Equation (1) defines the
pressure coefficient on a body element AA embedded in a
nonuniform flowfield (Fig. 1);

CPQ is the static pressure in absence of a flare (the blast
wave pressure). The dynamic pressure ratio pU2/pmU^ is
in general a function of both x/dN and R/RSh. If one ex-
cludes the near nose region, these two-parameter entropy
profiles can be simplified to one-parameter profiles. Thus,
using similar flow profiles, the dynamic pressure ratio well
downstream of the nose can be defined as

f>U*/pJJJ = /(or); a = R/Rsh (2)

The shock radius RSh is determined by the nose drag9

Rab/dN = 1.0CW/4[(a ~ 3sh)/<fo]1/2 (3)
where x^ ~ XN.

At a = 0,t when R = r (Fig. 1), R/Rah becomes simply

R/Rsi, = CDN-l'*(r/dN)(x/dN - W<W~1/2 . (4)
For a flare not near the nose,

and (ESh/E)2 can be written

(R/Rsh)* = CDN-llz(rB/dN)*(r/rB)*(x/dN)-1 (5)
The ratio between the forces on the surface element AA

in embedded Newtonian and pure Newtonian flow is for
similar profiles determined by R/R^. The parabolic shape

Tig. 1 Bow shock-induced inviscid shear flow at near zero
angle of attack.

t Only stability derivatives at a. = 0 are considered in the
present paper.

Fig. 2 Flared body geometry.

of the dynamic pressure profile makes (R/Rs^ a logic
similarity parameter. Using Fig. 2, the hypersonic similarity
parameter can be defined as follows:

where

and

= CDN-^(rB/dN)(rB/l)

r/TB = 1 - - x/l)

(6)

(6a)

(6b)

The contributions of the flare in Fig. 2 to static and dynamic
stability as defined by Embedded Newtonian theory6 can be
formulated as follows for a = 0:

$CT
pmax cos2.

-4CPm!

\sin2ftp

* X

(A0 +
(7)

;)/;
— r 4- r •— ^ mn \ ^ ma

(A0

(A0 + r,) X

7™} (8)

where

cA0 = (I — lo — XCG) si
cAi = cA0 cos~2^ + XCG tan0i? j

(9)

The ratios between the stability derivatives in embedded
Newtonian (/ ^ I , g ^ 1) and pure Newtonian theory
(/ = g = 1) are

L/ ̂  mot^ "T ^(s ma/ LJ ma 1

^ = P2 (A0 + 1,)/17 *?//J° (A» + ")" '

(A0 +
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Fig. 3 Blunted cone geometry.

cm
= /J2 (Ao (A0

+ 17) ~ -v-g drj .//: +

(11)

j
If (R/RSh)* is simulated, / and g are also simulated and the

stability ratios above, Eqs. (10) and (11), will remain constant
if

ZCG sin20F = const}
(Ai + ??)/(Ao + 77) = const/

When OF is small, Eqs. (9) and (12) give

= consfj

(12)

+ rj
— -

Ao + 17
= 1 +

'
.
+

, /= consti
(13)

Equation (13) is essentially satisfied if £0.e.6F remains con-
stant, as Ao usually is small compared to 77. For a statically
stable vehicle with a slender flare, the variation of A0 will
cause less than 10% variation in (Ai + ^)/(A0 + rj). Equa-
tion (6) says that dp essentially determines only how fast
(R/RSh)2 changes with x, whereas the integrated flare force is
determined by xi alone. The lever arms for the flare forces
will vary somewhat with 0F. However, the stability ratios
in Eqs. (10) and (11) are not critically dependent upon the
lever arms as the center of pressure difference between em-
bedded Newtonian and Newtonian flare forces is negligible
compared to a realistic lever arm. This is true even when
the e.g. (#c.g.) approaches the flare, as has been shown in a
comparison between quasi-steady and embedded Newtonian
results.6

Consequently, the nose bluntness induced effects on a flare
(Cma + ^Cma)/(Cmam and) (Cmq + Cm£/Cmqas are scaled if

(14)= CDN~^(rB/dN)(rB/l) = const|
£G.£.OF = const/

Xi is essentially Cheng's similarity parameter2 for the body
trailing edge, and it assures the scaling of the local flare forces
necessary for scaling of CmaL/Cmao:> and Cmg/Cmqoo. The
second requirement, ^c.g.^ = constant, states the fact that
the effect of entropy gradient5'6 is larger the steeper the flare
is, i.e., the faster the cross-sectional area changes with x.
Its scaling assures the scaling of A*C»»a/Cmaoo and Cma/Cmqm.
Because the flare is usually not near the body e.g. £c.g. can

be varied to satisfy the requirement of constant £c.e.6F.
The resultant changes of the flare force lever arms will not
appreciably affect the stability ratios, Eqs. (10) and (11),
as was pointed out earlier.

For a conical body, however, this variation in lever arms
is no longer negligible, and it appears that the two scaling
requirements in Eq. (14) cannot be satisfied simultaneously.
Fortunately, this pessimistic outlook for scaling of cone
bluntness effects proves to be false.

With the definitions in Fig. 3, the scaling requirements can
be derived from Eqs. (6) and (13) to give the following:

Xi = Xio(l + dx/ds)'1 )
zo = CDN-^(rB/dN)(rB/l0)j

(15)1

(16)
Ao +

Noticing with Wagner and Watson3 that the correlation of
cone pressures is equally good whether or not xs in Eq. (4)

0.2 0.3 0.4 0.6 0.8 1.0 2 3 ' 4

SIMILARITY PARAMETER \.

0.2 0.3 0.4 0.6 0.8 l .O 2

SIMILARITY PARAMETER x

Fig. 4 Scaling of theoretical results on slender blunted
cones.

t Xi is related to Walchner and Clay's correlation parameter
C. For CDN = 1 and I + dN/2 « I, Xi « C2.
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Fig. 5 Scaling of experimental
data for slender blunted cones.
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is chosen as xs = —dN/2 or xs = 0 one would expect that
Xi0 in Eq. (15) could well represent %z, at least for small nose-
bluntness (dN/ds). For the same reason, neglecting small
differences in nose-bmntness (dN/ds) in Eq. (16) would be
permissible. Thus, the scaling of the effects of small nose-

bluntness on a conical frustum should be assured by

-*i °-«o r~— JEQ ————•—|
PRESENT (INVISCID) THEORY

— _ — — ARL (VISCOUS) EXPERIMENTS

0.6 0.8 1.0

SIMILARITY PARAMETER,

Fig. 6 Comparison between inviscid theory and viscous
experiment.

= const;
(17)

Equation (17) is valid only for small nose-bluntness, in
which case the effects of the nose tip loads can be neglected.
That is, Eq. (17) should scale the stability ratios between
moderately blunt and sharp cones.

Discussion

The derived scaling laws are very simple and will, if proven
correct, greatly simplify the preliminary design of high per-
formance re-entry vehicles. The scaling of the flared body

0.4 0.6 0.8 1 2 4

REYNOLDS NUMBER R. x 10'

Fig. 7 Effect of Reynolds number on cone stability deriva-
tives at Mco = 4.
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Fig. 8 Effect of center of gravity and
hypersonic similarity parameter on
dynamic stability of slender blunted

DYNAMIC STABILITY MINIMUM

stability is rather straightforward. It is the cone scaling
that needs an acid test. This is especially true in view of the
fact that the slender blunted cone is the re-entry body geom-
etry of current interest.

By ratioing the experimental blunted cone data to the
pointed cone data viscous (boundary-layer cross flow) effects
common to both the blunted and sharp cone are eliminated.
Thus, the experimental stability ratio can be expected to
scale as well as the inviscid theoretical stability ratio as long
as the nose bluntness does not have a large influence on the
viscous effects. The latter would tend to be the case if
boundary-layer transition does not occur on the (aft) body.10

Figure 4 shows that the simple analytic theory7 derived
from the embedded Newtonian concepts5'6 supports the
scaling laws derived here.

The cone semi-angles, 6C = 5.6° and dc = 10°, were not
selected at random but are the angles used by Clay and
Walchner in a systematic series of wind-tunnel tests.4'11 The
present scaling laws are seen to collapse the experimental
data to one curve (Fig. 5). The slight difference in e.g.
location has negligible effect on the stability ratios (see Fig.
8). The fairing is weighted toward the 10° cone data in an
attempt to correct for the relatively larger viscous effects
on the more slender 5.6° cone. The difference between the
predicted inviscid stability ratios and those measured ex-
perimentally on bodies with relatively thick laminar boundary
layers are to be expected (Fig. 6). The apparent nose-
bluntness due to viscosity will give lower effective values of
the similarity parameter (xz0) than the inviscid values used.

It should be emphasized that good scaling of experimental
nose-bluntness effects using the present scaling laws can be
expected only as long as boundary layer transition does not
occur on the conical frustum. When it does, large effects
of Reynolds number have been measured11'12 (Fig. 7). The
appreciable effects of boundary-layer transition at supersonic
speeds can be expected to increase greatly at hypersonic
speeds and to be coupled with the nose bluntness induced
effects.13-14

Figure 8 is a carpet plot15 of the dynamic stability ratio as
a function of e.g. location (Az/fo) and similarity parameter
Xi0. It appears that the dynamically destabilizing effects
of nose bluntness will be maximum for a typical e.g. location,
0.30 < Ax/I0 < 0.40.

For hemispherical nose bluntness, almost total loss of
dynamic stability is obtained for Az/fo = 0.35 (Fig. 9). The
critical %z0 value giving minimum dynamic stability in the
eg range of interest, 0.25 < Ax/lQ < 0.50 is xz0 = 0.455 (Fig.
9) giving the critical nose bluntness (dx/ds)^* ~ 0.0209 6C
deg (Fig. 10).

Conclusions

Using embedded Newtonian flow concepts universal scaling
laws for hypersonic nose-bluntness effects have been derived
for cylinder-flare bodies and slender cones. The derived
scaling laws collapse theoretical and experimental data for
slender cones with 5.6- and 10° half-angles and bluntness
ratios up to 30%. High Reynolds number experiments
giving turbulent boundary layer§ on slender blunted cones

\

0.30 0.40 0.50 0.60
OSCILLATION CENTER, Ax/jf

-V 6 8 10
CONE ANGLE, 0 °

Fig. 10 Spherical nose bluntness giving minimum dy-
namic stability for slender cones.

l?ig. 9 Minimum dynamic stability of slender cones. § Over all but the near nose region.
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are needed to check out the derived inviscid scaling laws.
Examination of the deviations between viscous experimental
data presently available and the theoretical predictions gives
one reason to believe that the derived scaling laws will prove
to be correct. The scaling laws, when combined with exist-
ing pointed body or Newtonian theories, provide the capabil-
ity to predict the hypersonic unsteady aerodynamic char-
acteristics of most re-entry bodies of current interest.
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Acoustic Technique for Detection of Flow Transition
on Hypersonic Re-Entry Vehicles

HANNO H. HELLER*
Bolt Beranek and Newmanlnc., Cambridge, Mass.

This paper describes the development of an acoustic flow-transition detector for use on
hypersonic ablating re-entry vehicles. The acoustic sensor of this system is recessed from
the heat-shield surface and thus is protected from the externally developed heat; the sensor
communicates with the external pressure field via a small-diameter vent. Results of super-
sonic wind-tunnel tests are presented which compare the characteristics of signals of an ex-
perimental transition detector with those of reference sensors (hot-wire probe, flush-mounted
microphone) in transitional and fully developed turbulent flow.

I. Introduction and Summary

A. Statement of the Problem

ACCURATE determination of the time and location of
-^- flow transition on hypersonic, ablating, re-entry ve-
hicles is very important for the successful planning and
operation of a re-entry mission. Because of the excessive
heat development on the surface of the re-entering vehicle,
a direct measurement of flow transition by means of surface-
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mounted sensors is not feasible. Any such sensor would be
quickly destroyed. The occurrence of flow transition is
therefore usually inferred from data information not di-
rectly related to the flow phenomenon, e.g., from the increase
of interior vibration levels.

This paper describes the development of an acoustic flow-
transition detector system that senses fluctuating pressures
directly on the surface of the ablating heat shield. This
system makes use of a •J-in.-diam piezo-electric microphone
recessed from the surface and communicating with the
fluctuating pressure field at the surface via a "probe tube"
hole (Fig. 1).

It had been expected originally that a recessed microphone
in contact with the surface pressure field would require
elaborate thermal protection to assure no damage during
the re-entry phase. Accordingly, an earlier developed
acoustic system1 for measuring surface pressure fluctuations
involved a rather complicated arrangement of tubes and cavi-
ties preceding the microphone. Later arc tests,2 however,


