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Aerodynamically Blunt and Sharp Bodies

W. H. Mason* and Jaewoo Leef
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

Computational fluid dynamics studies at supersonic and hypersonic speeds have resulted in an improved
understanding of the meaning of aerodynamically, as opposed to geometrically, sharp and blunt shapes. An ana-
lytic investigation using Newtonian theory was conducted to support the computational results. Based on this
work, a new criterion for the definition of an aerodynamically sharp shape is proposed. Defining the power-law
shape to be the relevant gauge function, one can classify bodies with it > 2/3 as aerodynamically sharp, even
though the initial body slope dr/djc is 90 deg. The paper describes the analysis that resulted in the new sharp and
blunt shape criteria for aerodynamics.

Nomenclature
A = constant in power-law body equation defining fineness

ratio
Cp = pressure coefficient
/ = fineness ratio for the Sears-Haack body, Eq. (9)
/ = length of the body in definition of von Karman ogive and

Sears-Haack body
n = exponent in power-law body definition, Eq. (1)
R = longitudinal radius of curvature, Eq. (2)
R (0) = longitudinal curvature at x = 0, the leading-edge radius
RK_O = longitudinal radius of curvature for a von Karman ogive
RS-H = longitudinal radius of curvature for a Sears-Haack body
r =body radius at a given x location
TK-O =body radius for a von Karman ogive
rs-H =body radius for the Sears-Haack body
S = cross-sectional area
SK-O =cross-sectional area of the von Karman ogive
s =arc length along the surface from the leading edge, x = 0
V - volume of Sears-Haack body
x = axial distance from leading edge
£ ^transformed independent variable for the Sears-Haack

body, Eq. (7)
0 =body slope angle, tan"1 (dr/dx)

Introduction

WHAT is meant by blunt and sharp? Intuitively it seems clear.
A geometrically sharp body is defined to be one with a

finite slope at the tip, the leading-edge radius is zero, and the point
feels sharp. In practice it is extremely difficult to fabricate a per-
fectly sharp tip. Any manufacturing error results in a significant
deviation from the design contour, and furthermore sharp edges
are difficult to maintanrbecause they are easily damaged (often
causing injuries). At a more fundamental level, no shape can be
made that is perfectly sharp on a molecular scale. There is always
some bluntness.

Applied aerodynamicists frequently need to decide when a
shape can be treated as sharp rather than blunt relative to a flow-
field treated as a continuum. Practical limits in manufacturing
accuracy and the maintenance of tolerances require a precise defi-
nition when fabricating leading edges. Given that some bluntness
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will exist, current definitions of sharp or blunt shapes lack preci-
sion. The results of a recent computational evaluation of minimum
drag axisymmetric bodies at supersonic and hypersonic speeds1

suggest the possibility of a difference between shapes that are geo-
metrically sharp (dr/djc * «> at x = 0) and shapes that behave aero-
dynamically as if they are sharp.

Many theoretically derived supersonic and hypersonic mini-
mum-drag axisymmetric shapes have a surprising property: the
angle of the initial slope dr/dx is 90 deg. They are geometrically
blunt. Eggers et al.2 presented the modern derivation of this result
using Newtonian theory and also a discussion of Newton's original
solution of the problem. The exact result is closely approximated
by a power-law body with an exponent n of 0.75. If centrifugal
force effects are included in Newtonian theory, the minimum drag
occurs for an exponent n of 0.66. Using an asymptotic analysis
approach, Cole3 also reached these conclusions. Von Karman used
slender-body theory to obtain the minimum-drag ogive of given
length and base area at supersonic speeds.4 That shape is also
blunt.

The computational investigation1 of minimum-drag bodies at
supersonic and moderate hypersonic speeds (Mach 3-12) con-
firmed that the bodies with the lowest wave drag were geometri-
cally blunt. Computationally, the minimum-drag power-law body
exponent n was found to be approximately 0.7.

The blunt nose property of minimum-drag shapes required a
close examination of the computational solution near the nose. Ini-
tially the procedure used in Ref. 1 was to compute the blunt body
solution in the vicinity of the nose and then, downstream of the
nose, use the space-marching approach over the rest of the body to
obtain results economically. After the first series of calculations
using this procedure, it was found unnecessary to use the blunt-
body solution for each case. Instead, an unusual behavior of the
numerical solutions was observed during the examination of the
results in the vicinity of the nose to validate the integrity of the
computational results. Rather than finding a classical blunt-body
solution at the nose (dCp/ds = 0), a very different character, as
shown later, was observed.

This paper describes the details of the geometry and aerodynam-
ics of low-drag axisymmetric bodies in the vicinity of the nose, or
leading edge, at zero angle of attack for supersonic/hypersonic
speeds. Numerical and analytical methods are used to obtain a new
criterion for the definition of aerodynamically sharp shapes. A sig-
nificant improvement in the understanding of the aerodynamics of
nearly pointed shapes is obtained as a result of the study.

Geometrical Analysis
Consider the power-law shape

A nr = Ax (1)

where the values of n of interest range from 0 to 1. If n < 1, the
body slope angle at the nose x = 0 is 90 deg, and the body is blunt.
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A value of n = 1 or greater produces a geometrically sharp nose.
Using the general formula for the longitudinal radius of curvature

(2)

the power-law body given by Eq. (1) has a longitudinal radius of
curvature R(x) of

10.00

R(x) = 1
\n(n-l)A\

[x2/3(2-n) 3/2
(3)

The value of the nose radius is found by taking the limit of Eq. (3)
as x —> 0. The first term in the square bracket will vanish unless n >
2 (not of practical interest). The exponent of the second term con-
trols the result for practical cases. The longitudinal radius of curva-
ture at x = 0, which is the leading edge or nose radius, is thus:

n R(Q)

> 1/2 0

= 1/2 A2/2

< 1/2 oo

Only one value of n produces a nonzero finite value for the lead-
ing-edge radius. Traditional airfoil shapes are parabolic near the
nose, the leading term in the definition of the shape is Jt172, and
they have finite values of the leading-edge radius. The power-law
bodies that have minimum drag, n = 0.7, in fact have a zero lead-
ing-edge radius, even though they are geometrically blunt.

Shapes that have a zero nose radius, yet have an initial slope
angle of 90 deg, are difficult to visualize. Figure 1 shows, as an
example, the nose region of the 3/4 power-law body with a circle
of radius RC[K/L = 0.0004 inscribed tangent to the 45-deg slope
point on the power-law body. Note the extremely small scale of the
figure. No matter how small, any circular arc with a finite radius
fails to produce an accurate representation of the nose. Figure 2
provides examples of curvature distributions near the nose for
three power-law bodies representing the three different cases of
limiting behavior. The difference in the behavior of the different
cases as x —> 0 is clear.

The power-law shape arises from hypersonic theory (in fact at
the limit as M -» oo). Another class of minimum-drag shapes is
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Fig. 1 Comparison of power-law body (n = 0.75) with inscribed circle
near the leading edge.
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Fig. 2 Curvature distribution near the nose for various power-law
bodies.

also of interest. Based on slender-body theory, the von Karman
ogive and Sears-Haack body are the lower supersonic Mach num-
ber equivalents to the power-law body for hypersonic flow. These
bodies are also known to be slightly blunt at the tip. After the
power-law shapes were examined, it became clear that the geomet-
rical features of supersonic minimum-drag bodies should also be
examined to determine if they showed similar unusual geometric
characteristics.

The von Karman ogive4 is defined by

SK-O = rcr = 2
(4)

and the longitudinal radius of curvature is

3/2

X \S S*-o 1

Similarly, the Sears-Haack body4 is given by

rs-# 1 ,\ 2\3/4

~r = 2?(1"°
where

(5)

(6)

(7)

The longitudinal radius of curvature becomes:

7T, («)

where /is related to the length and volume V by,

(9)
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Fig. 3 Grid used for computations near the nose.
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Fig. 4 CFL3DE and Newtonian solutions for power-law bodies plot-
ted along the surface.

For both the von Karman ogive and Sears-Haack body it was
found from R(x), using Eqs. (5) and (8), that the leading-edge
radius was zero. Once this was discovered, the flowfield behavior
near the nose was examined in more detail. This was done by
determining the proper gauge function,5 such that the ratio of the
shape of the Sears-Haack body or von Karman ogive to the gauge
function remained finite as x —> 0. The power-law body was
picked as a candidate gauge function, with an arbitrary value of the
power-law exponent n. Thus the following relation was defined:

lim-
A nAx

= const ̂ 0 (10)

and an analysis was performed to find the value of n required to
satisfy the relation.

The results of the analysis were that both the von Karman ogive
and the Sears-Haack body behave near the nose as a power-law
body with n = 3/4, the same value as one of the theoretically
derived minimum drag cases at hypersonic speeds. When n = 3/4,

rK-O ~ ®(rpower-law body)

rS-H = 0(rpower-law body) *S X -> 0
(ID

Further analysis confirms that not only do the von Karman
ogive and Sears-Haack body behave similarly to the three-fourths
power-law body, but also that the radius of curvature distribution
near the nose is described by the three-fourths power-law body
gauge function. When n = 3/4,

RK-O = ® (^power-law body)

® (^power-law body) as x '
(12)

Thus, there is a direct and heretofore unsuspected similarity
between the classical minimum-drag supersonic and hypersonic
shapes. The geometry at the nose is the same in both cases.

Aerodynamic Analysis
The motivation for the present investigation originated during

the examination of numerical solutions for the power-law bodies
described in the vicinity of the nose. As noted earlier, it was
expected that classical blunt-body pressure distributions would be
observed, with the initial pressure gradient dCp/ds = 0. Instead,
solutions with very large initial pressure gradients were obtained.
Because of the interest in accurate solutions for drag, this charac-
teristic was closely examined.

The computational fluid dynamics method known as CFL3DE
(Ref. 6) was used to make the computations. This code handles
both calorically perfect and equilibrium air gas models and can be
used to solve either the Euler equations or the thin-layer Navier-
Stokes equations. Either space-marching or global iteration numer-
ical techniques can be used. The present calculations used the
Euler equations and the perfect-gas model. The method is a cell-
centered finite volume scheme that uses upwind/relaxation meth-
ods and has been validated by numerous comparisons with data.6
To investigate the detailed aerodynamic behavior near the nose,
we used very dense grids. Fifty-one axial grid points were used
along the first 0.04% of the body length. Between the body and the
outer edge of the grid 20 points were used, with clustering near the
body. In this method the shock is captured, and the grid was
adjusted such that the detached shock was located approximately
three-fourths of the way between the body and outer edge of the
grid. Symmetric boundary conditions (w = — w and v = — v, where
v and w are the velocity components in the y and z directions) were
used along the axial direction just at the nose. On the body surface
the flow tangency condition was used. Freestream conditions were
used on the outer boundary. The calculation was carried out in the
axial direction far enough to insure that the flowfield was entirely
supersonic at the downstream boundary. In this study of axisym-
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Fig. 5 CFL3DE and Newtonian solutions for power-law bodies, plot-
ted along the axis.
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metric bodies, CFL3DE was run using only one "slice" of the full
three-dimensional grid in the circumferential direction and enforc-
ing a boundary condition of no circumferential flow gradients. Fig-
ure 3 provides an example of the grid used in the calculations.

In addition to the examination of the numerical results, the pres-
sure distribution was computed using Newtonian flow theory.
CFL3DE results for the pressure coefficient for an n = 0.75 power-
law body at a freestream Mach number of 6.28 and Newtonian
solutions for several values of power-law index n are shown in Fig.
4 as a function of arc length s and in Fig. 5 as a function of axial
distance x. The remarkably good agreement between CFL3DE and
the Newtonian solution for n = 0.75 confirmed the surprising com-
putational result that the initial pressure gradient for the flow is not
zero and quite large. For n = 0.5, Fig. 4 shows the classical blunt-
body pressure distribution originally expected.7 The results show a
natural progression from n = 3/4 to 1/2. The entire character of the
pressure distribution changes between power-law bodies with n =
1/2 and 2/3. Thus, the n=l/2 value corresponds to an aerodynam-
ically blunt body, whereas the n = 2/3 pressure distribution is char-
acteristic of an aerodynamically sharp body.

To investigate this behavior further, we obtained an explicit
relation for dCp/ds for power-law shapes assuming Newtonian

n
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Fig. 8 Key regions for power-law body characteristics.

flow. Using Newtonian theory, we can give the pressure coeffi-
cient on the body surface by

Cp = 2 sin20 (13)
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Fig. 6 Newtonian solution for the pressure gradient for power-law
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Fig. 7 Effect of power-law exponent on pressure gradient at different
downstream locations.

0 = tan"./dx
Vdr (14)

Using these relations, we found that the pressure gradient along
the arc length from the stagnation point is

A 3 3 r i .-2 -2 2 (!-«)-, 5/2L A n J [l+A n x ]
(15)

Using Eq. (15), and investigating the limit as x —> 0, we found
three distinct classes of results for the stagnation point pressure
gradient, depending on the value of n:

n

> 2/3

= 2/3

< 2/3

ds
—oo

-9(2A3)

0

This result is analogous to the result obtained in the analysis of
the geometry, although there is a difference. In the geometry case,
the critical value of the power-law exponent n was 1/2 as opposed
to 2/3. Thus there is a region for power-law bodies, 1/2 < n < 2/3,
where the body has a zero leading-edge radius, but the pressure
distribution at the leading edge continues to behave as if it were a
blunt body.

In Fig. 6, the pressure gradients are shown as a function of arc
length for several power-law indices n for a body with a fineness
ratio of three (A = 1/6). As shown earlier, the Newtonian solution
has an infinite pressure gradient exactly at the nose if n > 2/3. The
singularity is 0[^2~3n)/n]. For n = 3/4, the singularity is 0(5-1/3) for
dCp/ds, where s is the arc length from the stagnation point.

The variation in pressure gradient shown in Fig. 6 is examined
from another viewpoint in Fig. 7. Here the variation in pressure
gradient is compared for various power-law body shapes from n =
0.5 to 1.0 at different locations downstream from the nose. Each
curve is normalized by its maximum value. The maximum value of
the pressure gradient at s/l = 0.1 X 10~6is -0.135 X 107, whereas
the maximum value at s/l = 0.1 X 10~2 is -0.393 X 103. Thus
there is a large variation. Very near the nose, the pressure gradient
is small until n = 0.72, when it starts to increase dramatically.
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Thus, the use of minimum-drag shapes n = 0.7 does not result in
initially huge pressure gradients.

Blunt and Sharp Nose Criteria and Nose Shaping
Based on geometric and aerodynamic analysis, it was shown

that a class of body shapes exists for which the noses are geometri-
cally blunt but for which the leading-edge radius is zero. Further-
more, there is a range of shapes where the flowfield solution is
completely different from the classical blunt-body result, even
though the tip has an initial slope of 90 deg. Considering power-
law bodies, when n > 1/2, the leading-edge radius is zero. When n
> 2/3, the shape produces a flowfield that does not exhibit classical
blunt-body behavior and can be treated as if it were sharp for the
calculation of the pressure distribution. Under these circum-
stances, space marching was found to provide an accurate pressure
distribution, as shown in Ref. 1. Thus, any shape that has a power-
law body gauge function is defined as an aerodynamically sharp
shape when the power-law exponent n is greater than 2/3. Bodies
being fabricated to meet an aerodynamically sharp requirement
need only be fabricated to achieve this contour, not to obtain true
geometric sharpness.

The results obtained are summarized in Fig. 8. Here the geomet-
rical and aerodynamic analyses are compared schematically. The
geometric boundary is precise. The aerodynamic boundary is
based on Newtonian theory. However, the good agreement with
CFL3D for the n = 0.75 case suggests that the aerodynamic bound-
ary is likely to be very close to a boundary found from a more
detailed numerical investigation. A numerical study to find a more
precise boundary was not made.

Finally, one of the important aspects of the problem, the heat
transfer, has not been considered. A fundamental advantage in
using a blunt body is the substantial reduction of aerodynamic
heating at the stagnation point, although low-drag, aerodynami-
cally sharp noses will exhibit high values of heat transfer, even
though the tip is blunt because of the large stagnation point veloc-
ity gradient. An approach to finding minimum-drag shapes subject
to maximum limits for stagnation point heating was recently pre-
sented by Maestrello and Ting.8

Conclusions
Aerodynamically sharp shapes are different from geometrically

sharp shapes. For axisymmetric bodies at supersonic and hyper-
sonic speeds, the present analysis provides a means for distin-
guishing between aerodynamic sharpness and bluntness using the
power-law shape as a gauge function. As shown using both New-
tonian theory and a numerical investigation of the blunt noses on
minimum-drag bodies, the new criterion for the definition of an
aerodynamically sharp shape is as follows:

An axisymmetric body is aerodynamically sharp when the lead-
ing-edge geometry behaves as x? where n > 2/3. Thus, an aerody-

namically sharp shape is a shape that is 00O, n > 2/3. Under this
criteria, the minimum-drag power-law shapes behave as though
they are aerodynamically sharp even though they are not geometri-
cally sharp.

Other related findings are the following:
Classical hypersonic and supersonic minimum-drag shapes are

connected. The minimum-drag supersonic shapes based on slen-
der-body theory (von Karman ogive and Sears-Haack body) are
also aerodynamically sharp using this criterion. They are 0(x3/4)
near the nose, which is the same as the classical power-law shape
Newtonian theory minima for hypersonic flow. Supersonic slen-
der-body theory and nonlinear hypersonic minimum-drag shapes
both have the same shape at the nose.

The issue of "how sharp is sharp?" when considering the speci-
fication of contours for model and full-scale fabrication and manu-
facturing has been resolved. Aerodynamically sharp shapes do not
have to be geometrically sharp.

These results provide an excellent example of how an examina-
tion of numerical solutions can lead to the re-examination of ana-
lytical theories to provide guidance and insight into aerodynamic
phenomena.
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