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Theme

The thickness ratio that produces the minimum zero-lift
drag on cones, wedges, and f power law bodies is determined
by application of the authors' viscous interaction theory for
slender bodies in axisymmetric or plane hypersonic flow.

Content

Earlier theories of drag minimization of slender axisym-
metric shapes in hypersonic flow have neglected viscous inter-
action and transverse curvature effects, yet the optimal
shapes so determined have been sufficiently slender to
require both neglected effects. The recent development of
a theory for axisymmetric viscid-inviscid interaction in the
presence of a strong bow shock wave allows these effects
to be included in the present treatment.

Let CD be the drag coefficient based on base area, rb the
base radius, and L the vehicle length. For a given perfect
fluid with an isothermal, nonporous body surface, it is
known that Cz)!/2/^2 is a function ^(A) of a single variable
A, where A is BL*l2/rb

2 and

B = (1 + 3AQgw)MJCpJum)lf2

Here gw is the ratio of surface to stagnation enthalpy, C
is the Chapman-Rubesin constant, and M*,, vm, and um are
freestream Mach number, kinetic viscosity, and velocity,
respectively. Three constraint cases are considered: given
base radius (r&); given body volume (V ^L rb

ff+l), where a
is 0 or 1 for plane or axisymmetric flow, respectively;
or given surface area (S«L rb

a). For these three cases,
respectively, the following expressions of drag D, where
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Fig. 2 Effect of altitude on minimum drag body with
fixed base r&, ft; C = 1, gw = 0, 7 = 1.4, Pr = 0.7: a) opti-

mum slenderness, b) minimum drag coefficient.

l
} are to be minimized:

D r6- = CD* (1)

Fig. 1 Variation of drag with A for fixed r&, F7, or S; gw = 0,
7 = 1.4, Pr = 0.7: a) wedge, b) cone.

ex A~(6a+10)/(3<r+7) l£(A) = Cl)F (2)

(3)

The variation of CD
r, CDV, and CD

S with A, for cones and
wedges, is shown in Fig. 1. The function \f/ approaches a
constant (characteristic of inviscid flow) as A vanishes.
For strong interaction (A -*• °°), i^ grows as A(3+(r)/2, neglect-
ing a possible logarithmic factor. It is seen that the mini-
mum drag occurs at finite A (except for the single case of
cr = 0, given surface area). Thus, viscous interaction
effects must be included when determining optimum thick-
ness ratio for minimum drag.

Values of optimal A in Fig. 1 range from moderate viscous
interaction (A « 15) to relatively strong interaction (A «
300). The corresponding ratios of boundary-layer thickness
to rb range from 0.6 to 7.5, and the ratios of friction drag to
pressure drag range from about one to nearly 300.

The effect of altitude on optimum slenderness and cor-
responding CD is shown in Fig. 2 for the case of specified rb.
Results for cones (m = 1) and -f axisymmetric power law
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bodies (m = -f) are given. The atmosphere assumed was

where 1 < E < 2 for 100 < h (kft) < 400. The optimum
thickness ratio am is proportional to Mm

2/3/Reb1/s where Reb
is the flight Reynolds number referred to base radius. The

validity of the theory is bounded at low altitudes by the
assumption that the bow-shock is strong, and at high alti-
tudes by the assumptions of no slip and no shock-layer merg-
ing. The results are useful primarily for 0.1 < n(ft) < 10.0
at altitudes in the range 200 < A(kft) < 300. Under these
conditions the optimum slenderness, for minimum drag, is
am = 0.1 radians (approximately).
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Hypersonic viscous flow about slender cones, wedges, and f power law bodies is considered.
Body thickness ratios leading to minimum drag are determined subject to constraints of
fixed base, fixed volume, or fixed surface area. It is assumed that the shocks are strong and
that the fluid is ideal. It is found that minimum drag occurs in a flow region where viscous
interaction and, for axisymmetric bodies, transverse curvature must be taken into account.
For a given body shape and base radius, the optimum thickness ratio cxm is proportional to
Mco2/3/jRe&1/3 where Moo is the flight Mach number and Reb is the flight Reynolds number refer-
enced to base radius. Numerical results are given for optimum thickness ratio and minimum
drag as a function of altitude. The results are useful primarily for base radii between 0.1 and
10 ft at altitudes between 2 X 105 and 3 X 105 ft.

Nomenclature

(1 + 3.46 gw)Mm(CL/Re)v>
Chapman-Rubesin constant, UrT^/n^Tr
drag coefficient referenced to base area
Eq. (3)
Eq. (5)
Eq. (7a)
TW/T0
altitude
vehicle length
freestream Mach number
power law exponent rw
Prandtl number
Reynolds number p^u^

B
C
CD
CD'
CDV

CDS

gw
h
L
Moo
m
Pr
Re

r = transverse distance
rw(x),rb = body ordinate; value at base
S
T
To

V
x

surface area (symmetric body assumed for a = o case)
temperature
freestream stagnation temperature
freestream velocity
volume (symmetric body assumed for a = o case)
axial distance

7
g6*
A

Eq. (4)
Eq. (6)
Eq. (7b)
ratio of specific heats
boundary-layer displacement thickness at base
(1 + 3.46 gw)(MJaz)(C/ReY<2

viscosity
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p = density
o- = 0, 1 for two-dimensional or axisymmetric bodies, respec-

tively
f = CD/a2

Subscripts
m = minimum drag value
oo = freestream value

I. Introduction

THE determination of body shapes with minimum drag
subject to certain constraints is of importance in aero-

dynamic design. A recent survey of activities in this area
is given in Ref. 1.

Consider the following problem: given the base radius,
volume, or surface area of a plane or axisymmetric body in a
hypersonic flow, what forebody shape will yield minimum
drag? This problem does not appear to have been treated
in the literature with a realistic consideration of boundary-
layer effects. For instance, in Ref. 1, viscous interaction and
transverse curvature effects are neglected, and a Newtonian
pressure distribution and a constant local skin-friction coeffi-
cient are assumed. Furthermore, the local skin-friction
coefficient is assumed to be known, a priori, and its dependence
on the local pressure is ignored. It is shown herein that vis-
cous interaction and (for axisymmetric bodies) transverse
curvature effects need to be taken into account. In addi-
tion, the effect of the local pressure on the local shear also
needs to be considered. Hence, the results of Ref. 1 appear
to be unrealistic.

In the present paper, hypersonic flow about slender cones,
wedges, and f power law bodies is considered. Body thick-
ness ratios leading to minimum drag are determined subject
to constraints of fixed base, volume, or surface area. The
results are based on the viscous interaction theory of Refs. 2
and 3.


