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Power Law Shapes for Leading-Edge Blunting
with Minimal Shock Standoff

Timothy F. O’Brien¤ and Mark J. Lewis†

University of Maryland, College Park, Maryland 20742

The application of power law shapes to the blunting of sharp leading-edged vehicles is investigated. Newtonian
results have shown that power law shapes exhibit aerodynamic properties similar to geometrically sharp shapes,
and power law shapes are close to minimum drag forms for axisymmetric bodies. Power law shapes have, for
certain power law exponents, zero radius of curvature (a property of geometrically sharp objects) and in� nite
slope (a property of geometrically blunt objects) at the nose. These qualities have seemed promising for the design
of blunted leading edges with minimum shock detachment distance (and, hence, low drag), which might also have
acceptable heating rates. To investigate this, comparisons based on geometry, equivalent drag, equivalent heating,
and equivalent shock detachment distance are made between power law con� gurations and circular cylinder
shapes. Two-dimensional computationaland analytical results are provided that question the results of Newtonian
analysis for power law leading-edge geometries. The analysis also shows that, despite the seeming advantages of
power law geometries, circular cylinders provide smaller shock standoff and drag for equivalent stagnation point
heating under the range of conditions investigated.

Nomenclature
A = power law constant for curve � t shock wave
B = power law constant for body
Cd = drag coef� cient
C p = pressure coef� cient
D 0 = drag per unit span
h = enthalpy
K = stagnation point velocity gradient, s¡1

M = Mach number
n = power law exponent of shock wave
Pr = Prandtl number
p = pressure
Q = heating rate
q = power law exponent of the body
R = radius, cm
s = arc length, m
u = velocity, m/s
V = volume
x; y = dimensions in Cartesian coordinates
± = shock detachment distance, m
µ = body slope or de� ection angle
¹ = coef� cient of viscosity
½ = density
Á = ¼=2 minus body slope angle

Subscripts

cc = circular cylinder
d = drag
e = boundary-layeredge conditions
eq = equivalent circular cylinder
g = generating radius
h = heating rate
pwr = power law
sd = shock detachment distance
w = wall conditions
0 = stagnation point conditions
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1
2 = conditions for one-half power law geometry
1 = freestream condtions

Introduction

T HE successful design of high-lift, low-drag, hypersonic con-
� gurations, such as would be applicable to either a high-

Mach-number cruiser or accelerator, will depend on the ability to
incorporate relatively sharp leading edges that combine good aero-
dynamicpropertieswith acceptableheatingrates.Certain con� gura-
tions, such as hypersonicwaveriders, are designedanalyticallywith
in� nitely sharpleadingedges for shockwave attachment.For practi-
cal applications, these sharp leading edges must then be blunted for
heat transfer,manufacturing,andhandlingconcerns,with associated
departures from ideal performance. Because leading-edgeblunting
promotes shock standoff, practical leading edges will have shock
detachment, making leading-edge blunting a major concern in the
design and predictionof � ow� elds over hypersoniccon� gurations.

Two approachesto adding bluntness to an anaylticallysharp edge
have been pursued and are shown schematically in Fig. 1 (adapted
from Tincher and Burnett1 ). The � rst is to numerically eliminate
leading-edge material until a desired curvature is achieved. This
method has the inherent problem that substantial planform area
could be lost before leading-edge thickness is acceptable for thin
angles of obliquity. The second approach, utilized by Burnett and
Lewis2 in the design of a waverider model, adds material to the up-
per surface, therebypreservingthe planform area and increasingthe
volume. In both cases, it has been generally assumed that a round
leading edge, with constant radius of curvature near the stagnation
point, is the appropriate blunting geometry.3

Shock standoff distance on a cylinder scales with the radius of
curvature, and so cylindrical bluntness added for heating rate re-
duction will also tend to displace the shock wave. Displacement
of the shock wave is especially undesirable in a waverider geome-
try because these shapes usually rely on shock wave attachment at
the leading edge to achieve their high lift-to-drag ratio at high-lift
coef� cient. With power law shapes (y D Bxq ), it may be possible
to introduce geometric bluntness for heating rate reduction with
less shock standoff, thus allowing the blunted leading edge to more
closely representthe originalsharp leading-edge� ow� eld. The idea
that this concept may be plausible is based on the work of Mason
and Lee,4 who have demonstrated the curious result that some ge-
ometrically blunt con� gurations may actually behave as if they are
aerodynamicallysharp. Power law shapes were shown to have zero
radius of curvature at the nose and yet have an in� nite body slope
for certain values of power law exponent. This suggests that there
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Fig. 1 Leading-edge blunting
con� gurations (adapted from
Tincher and Burnett1).

may be advantages to using a power law shape as a leading-edge
blunting geometry. Zero radius of curvature at the nose will tend to
lower shock standoff and drag, whereas in� nite slope will tend to
decrease the stagnation region heating.

This paper examines the � ow� eld over power law shapes com-
putationally and compares them to circular cylinder geometries.
Comparisons based on geometry, shock detachment distance, drag,
and heating are made to examine the bene� ts and disadvantages
of using power law geometries over circular cylinders. Computa-
tional solutions and analytical techniques are provided to evaluate
these comparisons and determine which geometry is better suited
for leading-edgeblunting.

Geometric Comparison to Circular Cylinders
There are several comparisons that can be made between a circu-

lar cylinder and a power law leading edge. A geometric comparison
is � rst made, to match the process of blunting an analytically sharp
leading edge as shown in Fig. 1. The power law shapes are modeled
by assuming a sharp leading-edge half-angle µ and then � nding a
circular cylinder tangent to this wedge with radius R. The circu-
lar cylinder radius provides a reference for the amount of blunting
desiredon the leadingedge, forheat transferand manufacturingcon-
siderations.The wedge and the circular cylinder are made to be tan-
gent to a correspondingnondimensionalpower law bodywith shape

y=R D B.x=R/q (1)

At the matching point of all of these bodies, the body slope an-
gle is equivalent. From these assumptions and a given power law
exponent, the power law constant B is

B D .tan µ=q/q .1 C tan2 µ/.q ¡ 1/=2 (2)

The powerlawshapesanalyzedherewere assumedto havea leading-
edge half-angle of 5 deg, a circular cylinder radius of 2 cm, and a
power law exponent of 0.4, 0.5, 0.59, 2

3 , 0.75, and 0.85. Leading-
edge dimensions were chosen to be reasonable for a hypersonic
cruiser-class aircraft. These shapes are shown in Fig. 2.

One result of this geometric method of comparison is seen in
Fig. 2. The volume associated with the power law shapes is greater
than that of the comparison circular cylinder for a representative
amount of blunting. Hence, for actively cooled leading edges, a
larger portion of coolant, endothermic fuel,5 or catalyst6 may be
placed within the leading edge for heat absorption. It can be shown
that the ratio of the volume of a power law body to that of a circular
cylinder is

Vpwr

Vcc
D 2q cos3 µ

.q C 1/ sin µ
2 tan¡1

³
1 ¡ sin µ

1 C sin µ

´
¡ sin µ cos µ

¡1

(3)

It is seen from Eq. (3) that the volume advantage of a power law
over a cylinder increases as the power law exponent q approaches
the wedge value of 1.

Anotheradvantageto power laws may also be seen in Fig. 2. With
the additionalvolumeof the power law geometries, these shapes are
inherentlysharper than the circularcylinder.They are geometrically
closer to representingthe sharpwedge leading edge than the circular
cylinder.

Fig. 2 Power law shapes analyzed and the comparable cylinder, all
tangent to a 5-deg wedge ( y axis greatly exaggerated).

Computational Solutions
Previous research into power law shapes dealt primarily with

axisymmetric con� gurations, which are especially useful in nose
cone and ballistic applications.7¡9 Two-dimensional power law ge-
ometries (primarily for leading-edge applications) have primarily
been analyzed with approximatemethods.4;8 The most investigated
analyses involveNewtonian � ow and small disturbanceapproxima-
tions; the former inherently assumes an in� nite Mach number, ratio
of speci� c heats equal to 1, and a shock shape that matches the body
shape.To obtain a more accuratesolutionof these � ow� elds, a com-
puational survey was performed that, in the process, determined the
validity of the Newtonian approximations in predicting power law
� ow� eld properties.

The two-dimensional, inviscid, Euler equations were solved for
a perfect gas with no chemical reactions on the power law leading
edges using GASP 3.0 (Refs. 10 and 11). GASP is a � nite volume,
conservative,computational� uid dynamics (CFD) code that solves
the integral form of the unsteadyReynolds-averagedNavier–Stokes
equationsin threedimensions.A 190£ 95ellipticallysmoothedgrid
with orthogonalboundaries at the body surface was used in solving
the � ow over a family of power law shapes and a circular cylinder
shape.The freestreamboundarywas chosen to ensureshockcapture,
the symmetry boundary was chosen to maximize the amount of
points in the shock layer, and the body surface had grid clustering
in the nose region to resolve the stagnation region shock shape
and detachment distance. A grid-converged solution was assured
by performing a grid sensitivity study on a 190 £ 95, a 95 £ 48,
and a 48 £ 24 grid. Results of the sensitivity study showed that the
error in both shock detachment distance and drag coef� cient was
roughly2%(Ref. 12)betweenthe threesolutionsusingRichardson’s
extrapolationmethod.

As a baselinecalculation,a CFD solutionover a circular cylinder
at a Mach number of 6.28 was performed.11 This Mach number was
selected to match the numerical calculations of � ow� elds over ax-
isymmetricpower law bodies performedby Mason and Lee.4 Shock
detachment distance and shock shape had excellentagreement with
empirical relations for cylinder-wedgesfound by Billig.13 The drag
coef� cient (referenced to frontal area and neglectingbase pressure)
was found to be 1.28 compared to the Newtonian solution of 4

3 and
the modi� ed Newtonian solution of 1.24.

A CFD solution for the stagnation region static-to-freestream
pressure ratio on a three-quarter power law body is superimposed
on the correspondingcomputationalgrid in Fig. 3, where the length
and heightare normalizedby the generatingcircular cylinder radius
R. Figure 3 shows that the stagnation region shock is well resolved
with the choice of grid point distribution,revealinga discrete, invis-
cid, shock detachment distance on these shapes, albeit very small.
The computational solution for shock detachment distance ± on all
of the power law bodies, normalized by R, is shown in Fig. 4. It is
seen that for all valuesof power law exponent,the power law shapes
have a shock detachmentdistance at least 3.5 times smaller than the
circular cylinder solution. Furthermore, the inviscid shock detach-
ment distancefor the sharpestshape solved (q D 0:85) is found to be
at least an orderof magnitudesmaller than the mean free path at sea-
level conditionsboth in front and behind the shock wave. However,
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Fig. 3 Normalized static pressure distribution and superimposed grid
cells inside shock layer (three-quarter power law).

Fig. 4 Computational results for shock detachment distance vs power
law exponent.

Fig. 5 Drag coef� cient vs power law exponent.

viscous effects have been neglected in this analysis,which in reality
would increase the shock detachment distance.

The drag coef� cient on these shapes (referenced to frontal area
and neglecting back pressure) is shown in Fig. 5. It is seen that
the computational solution for drag coef� cient approaches that of
a wedge as power law exponent increases. This trend is expected
inasmuch as a wedge is a power law geometry with exponent of 1.
Plotted along with the computationalsolution for drag coef� cient is
the drag coef� cient predicted by Newtonian � ow8:

Cd D 2
R cos µ

R cos µ

0

.B R1 ¡ q /2=qq2 y.2q ¡ 2/=q

1 C .B R1 ¡ q/2=qq2 y.2q ¡ 2/=q
dy (4)

It is seen from Eq. (4) (plotted in Fig. 5) that Newtonian � ow under-
predictsthe pressuredragcoef� cient on thepower lawbodies,which
is not surprisingbecauseNewtonian theory generallyunderpredicts
the pressure on two-dimensional thin body � ow� elds.

The pressuregradients in the computationalsolutioncan be com-
pared to the predictions of the Newtonian solution provided by

Fig. 6 Gradient in the coef� cient of pressure along the arc length for
a power law body of q = 3

4 .

Fig. 7 Location of shock-layer
pressure distribution.

Mason and Lee.4 The gradient of the pressure coef� cient along the
arc length dC p=ds of the power law bodies de� ned by Eq. (1) may
be found as

dC p

ds
D ¡[4.1 ¡ q/]

B2q2 R2 ¡ 2q x2q ¡ 3

[1 C .Bq R1 ¡ q xq ¡ 1/2]
5
2

(5)

The Newtonian solution for the gradient of the pressure coef� cient
in the stagnation region is plotted vs the computational solution for
pressure coef� cient gradient in Fig. 6 for a power law exponent of
3
4 . The Newtonian solution predicts an in� nite gradient in pressure
along the arc length as the arc length goes to zero, a result seen for
sharp leading edges. However, the computational solution is seen
to have a minimum dC p=ds and then returns to zero, a trend seen
on blunt leading edges. The CFD solution predicts that the inviscid
� ows over power law shapesstill have a pressurepro� le comparable
to that of a blunt leading edge, despite the radius of curvature at the
nosegoingto zero.This result is expectedbecauseithasalreadybeen
shownthat the inviscidshockwave is detachedfromthe leadingedge
of the power law shapes.Hence, it can be seen thatNewtonian theory
fails to accuratelypredict the stagnationregionpressuredistribution,
i.e., drag, on a power law shaped leading edge.

The objective of solving the � ow� eld over power law leading
edges has been to determine whether these shapes can be used to
more closely approximate the � ow� eld over a sharp wedge than a
correspondingcircularcylinder.Besidesshockdetachment,leading-
edge bluntness (especially on the cowl lip) may also create a sig-
ni� cant entropy wake, which could enter an airbreathing engine
inlet. In this study, entropy wake effects are quanti� ed by observ-
ing the pressure distribution through the inviscid shock layer at the
location where the leading-edge blunting merges tangentially with
the original wedge geometry (Fig. 7). The static pressure distribu-
tion (normalized to the static pressure behind the shock of a 5-deg
wedge)is shownin Fig. 8 for thebluntestpower lawsolved(q D 0:4),
the sharpest power law solved (q D 0:85), and the circular cylinder.
The cylinder shock layer � ow� eld is seen to have a signi� cant in-
crease in pressure (nearly a factor of 10) in comparision to the sharp
wedge. The bluntest power law investigated(q D 0:4) shows a � ve-
fold reduction in overpressurein comparison to the cylinder leading
edge and has a more uniform � ow� eld. For the sharpest power law
(q D 0:85), a nearly uniform � ow� eld is found with a pressure in-
crease of 1.3 times the wedge pressure. Hence, if a designerwished
to select a blunted leading edge whose � ow� eld has a more uniform
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Fig. 8 Normalized pressure distribution across shock layer of various
shapes.

Fig. 9 Shock wave curve� ts assuming hyperbolic and varying expo-
nent shock shape.

pressure distribution, a power law geometry could be used instead
of a circular cylinder.

Curve � ts of the shock shape in the subsonic stagnation region
were performed using results from the computational solutions.
Shock location was determined by identifying coordinates of the
maximum in the second derivative of pressure in the computational
solution.11 The shockswere � tted to power law equationsof the form

y D Ax n (6)

Two forms of the curve � t were considered in de� ning the shock
shape: 1) assume a hyperbolic shock wave (n D 0:5) and � nd A or
2) vary both n and A. The solutions to these curve � ts are shown
in Fig. 9. The residual of the curve � ts shown was between 99.8
and 99.92%. Both cases exhibit a near linear decrease in A to a
power law body exponentof about 3

4 . Furthermore, besides a nearly
constant shift, each graph of A follows the same basic shape, sug-
gesting that the assumptionof a hyperbolic shock wave shape in the
subsonic region of � ow is a relatively good approximation regard-
less of body power law exponent. The shock wave exponent n also
displayed a near linear trend to power law exponent of about 0:7.
The value for n is seen to be close to hyperbolic, further suggesting
again that a hyperbolic shock wave shape is a good approximation
in the stagnation region of power law shapes. The curve � ts shown
in Fig. 9 also demonstrate that the power law exponent of the shock
does not equal the power law exponentof the body (zero-ordersmall
disturbance prediction8). This is also further evidence that Newto-
nian � ow will not accurately predict the stagnation region pressure
distribution because the inherent assumption of shock wave shape
equal to body shape is not matched.

Stagnation Point Heating Estimation
The stagnation point heating rate is estimated by the classic cor-

relation derived by Fay and Riddell14 from the stagnation point
boundary-layerequations and Sutherland’s viscosity relation

Qw D 0:57Pr¡0:6 ½e¹e K .½w¹w=½e¹e/
0:1.he ¡ hw / (7)

where Qw is the stagnation point heating rate, Pr is assumed to
be 0.71 in the preceding correlation, and K is the stagnation point
velocity gradient (with respect to arc length).

The stagnationpoint velocity gradient K is found by � rst assum-
ing Newtonian � ow for the pressure distribution.15 The pressure
coef� cient C p may then be found as

Cp ´
p ¡ p1
1
2
½1u2

1
D 2 cos2 Á (8)

Expanding Eq. (8), the derivativeof pressure with respect to the arc
length at the stagnation point may be estimated as

dp

ds 0
D ¡2½1u2

1Á
dÁ

ds
(9)

The stagnation � ow region may be considered incompressible
because the local Mach number is very small. Using Bernoulli’s
equation and assuming a linear pro� le in boundary-layer edge ve-
locity at the stagnation point, the stagnation region boundary-layer
edge pressure gradient with respect to arc length may be found:

dpe

ds
D ¡½e K 2s (10)

Assuming that pressure remains constant in the normal direction of
the boundary layer, the stagnationpoint velocity gradient assuming
Newtonian � ow is found by equating Eqs. (9) and (10):

K D 2
½1

½e

Á

s

dÁ

ds
u1 (11)

where the ratio ½e=½1 is the pitot density ratio. From Eq. (11),
the stagnation point velocity gradient on a circular cylinder Kcc is
estimated by15

Kcc D 2.½1=½e/.u1=R/ (12)

For the power law geometries de� ned by Eq. (1), the angle Á and
the arc length s in the limit of small x may be approximated as

Á ¼ .1=Bq/.x=R/1 ¡ q (13)

s ¼ Bq R1 ¡ q .q2 ¡ 3q C 3/xq (14)

From Eqs. (13) and (14), the derivative dÁ=ds is

dÁ

ds
D dÁ

dx

dx

ds
D 1 ¡ q

q.Bq R1 ¡ q/2.q2 ¡ 3q C 3/
x1 ¡ 2q (15)

The stagnationpoint velocitygradient for the power law geometries
using Newtonian � ow Kpwr is found from substitutingEqs. (13–15)
into Eq. (11):

Kpwr D ½1

½e

2.1 ¡ q/q4q

q5.q2 ¡ 3q C 3/2

.cosµ /2q ¡ 2

.tan µ /2q

u1

R2 ¡ 2q
x1 ¡ 2q (16)

where µ is the angleof theoriginalsharp leadingedgebeingblunted.
Observing Eq. (16), three solutions exist for varying values of body
exponent q. For q < 1

2 , the velocity gradient at the stagnationpoint
is zero, for q > 1

2
, the stagnation point velocity gradient is in� -

nite, and for q D 1
2
, a � nite velocity gradient K1=2 exists:

K 1
2

D 1:61624
½1

½e

u1

R sin µ
(17)

Assuming that the edge and wall conditions at the stagnation
point are identical between a circular cylinder of radius R and a
power law shape generated by this cylinder using Eq. (1), for the
same Mach number, the ratio of stagnation point heating between
the one-half power law shapeand the circularcylindermay be found
by substituting Eqs. (12) and (17) into Eq. (7):

Q
w; 1

2

Qw;cc
D 1:06881

p
sinµ

(18)
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Fig. 10 Stagnation point
velocity gradient and heat
transfer compared to cir-
cular cylinder (Mach 6.28,
sea-level conditions).

Equation (18) shows that for all values of sharp leading-edgeangle,
the one-halfpower law geometry will always havehigher stagnation
point heating than a circular cylinder at equivalent stagnation point
conditions.

Restating the results, the Newtonian prediction for stagnation
point velocity gradient on a power law results in values of zero or
in� nity for values of q 6D 1

2 . Hence, to compare the rest of the power
law geometrieswith a circularcylinder, the stagnationpoint velocity
gradientswere calculatednumerically from the computationalsolu-
tion presented earlier. These values are presented in Fig. 10. It was
found that the Newtonian solution for Kcc and K1=2 roughly agreed
with the computational results (»20% error).12 Furthermore, using
a characteristic length of the shock detachment distance as a value
of x, the Newtonian stagnation point velocity gradient for the rest
of the power law geometries is within an order of magnitude of the
computational result (Fig. 10). The shock detachment distance was
chosen as the characteristic length scale because these geometries
have no radius of curvature at the nose.

Using the results shown in Fig. 10, the heating rates on all of
the power law geometries may now be compared to the circular
cylinder solution. If the edge and wall conditions are assumed the
same between the power law geometries and the circular cylinder
at the stagnation point, then by inspection of Eq. (7) the ratio of
stagnation point heating rates is

Qw;pwr

Qw;cc
D

Kpwr

Kcc

(19)

where Kpwr is the stagnationpoint velocity gradient on a power law
leadingedge.The computationaland Newtonian results for Eq. (19)
are also plotted in Fig. 10. The results compare well, especially for
power law exponentbetween 0:4 and 0:6, giving initial estimates of
how power law geometries compare to circular cylinders.

The major result shown in Fig. 10 is that the stagnation point
heating is higher on the power law geometries in this geometric
comparison than the representativecircular cylinder solution.Thus,
in general, these shapes behave as if they have a sharper pro� le
than their representative circular cylinder: with smaller shock de-
tachment distance, lower drag, and higher stagnation point heating.
However, these shapes have more volume than the circular cylinder
geometry. Hence, although stagnation point heating on the power
law geometries may be higher, the overall heat transfer to these
leading edges may be tolerable if there is active cooling because
additional coolant may be placed in the leading edge.

Comparison of Power Law to
Circular Cylinder Heating

Certain geometric properties of power law leading edges were
compared to a generating circular cylinder. As discussed, one ob-
vious basis of comparison is a geometric one, where leading-edge
blunting was done with a power law form that was tangent to the
wedge at the same location that the circular cylinder was tangent
to the wedge. In Fig. 2 it is noted that the power law geometries
have a sharper pro� le than the generating circular cylinder of ra-
dius R, and the power law geometries have more volume than their
representativecircular cylinder.Hence, it is expected that the shock
detachment distance will be smaller for the power law geometries
de� ned. This comparison is not useful in evaluating physical prop-
erties, i.e., shock detachment distance, drag, or stagnation point

heating. Hence, other bases of comparison will be investigated to
further examine the possibilitiesof using power law shaped leading
edges.

Three quantities will be examined: shock detachment distance,
drag, and stagnation point heating. Knowing these quantities for
the power law geometries, equivalent circular cylinders are found
that have the same value of shock detachment distance, drag, or
stagnation point heating. These cylinders are then compared to the
reference tangent cylinder inasmuch as power law geometries have
no characteristicdimension. An equivalent circular cylinder radius
for shock detachment distance Req;sd may be found by using
Billig’s correlations on cylinder-wedges13:

Req;sd D 2:591±pwr exp ¡4:67 M2
1 (20)

where ±pwr is the shock detachmentdistance on the power law lead-
ing edges (plotted in Fig. 4). Hence, a circular cylinder of radius
Req;sd will have the same shock detachmentdistance as a power law
with shockdetachmentdistance±pwr. An equivalentcircularcylinder
radius for drag Req;d may be found from

Req;d D Rg

Cd;pwr

Cd;cc

(21)

where Rg is the radius of the circular cylinder used in de� ning the
power law geometries (which was taken as 2 cm) and Cd;pwr is the
drag coef� cient of the power law geometries (plotted in Fig. 5).
Hence, a cylinder of radius Req;d has the same drag as a power law
geometry of drag coef� cient Cd;pwr. Finally, an equivalent circular
cylinderradius for stagnationpoint heating Req;h may be found from
Eq. (12):

Req;h D 2.½1=½e/.u1=Kpwr/ (22)

where Kpwr is plotted in Fig. 10. Equations (20–22) are calculated
from the computational results and are shown in Table 1.

Table 1 presents a comparison between the various equivalent
radii for power laws of exponent values ranging between 0.4 and
0.85. Taking the q D 0:4 values, for example, it is seen that a 0.4
power law shape that is tangent to a 5-deg wedge has the same
shock standoff distance as a cylinder that is 3.47 times smaller than
a cylinder that is tangent to the wedge at the same point. However,
a cylinder with the same drag is only 2.28 times smaller than the
reference cylinder, and a cylinder with the same heating rate is 4.45
times smaller.This means that a q D 0:4 power law leadingedgehas
1.28 times the shock standoff distance as a cylinder with the same
heating rate. The power law shape also has 1.95 times the drag of the
cylinder with the same heating rate. Thus, in matching stagnation
point heating performance to a power law geometry, the circular
cylinder has smaller shock standoff and lower drag. It appears that
thepower lawgeometriesarenot as promisingwhen detailedheating
considerationsare involved.

This conclusion is further strengthenedby comparing a one-half
power law geometry with its original referencecylinder, the equiva-
lentheatingcircularcylinder,and the circularcylinderwith the same
radius of curvature at the nose as the power law geometry in Fig. 11
(the one-half power law geometry is the only power law geometry
with a de� nable radius of curvature at the leading edge). It is seen
in Fig. 11 that the equivalent heating circular cylinder has a smaller
radius of curvature than the one-half power law body. Hence, the
equivalent circular cylinder for heating has not only smaller shock

Table 1 Equivalent radii for shock standoff, drag, and stagnation
point heating compared to power law generating circular cylinder

q R=Req;sd R=Req;d R=Req;h ±pwr=±eq;h D0
pwr=D0

eq;h

0.4 3.47 2.28 4.45 1.28 1.95
0.5 9.43 3.42 16.15 1.79 4.72
0.59 31.85 5.33 58.85 1.84 11.03
0.67 144.24 8.00 251.37 1.72 31.24
0.75 2288 11.57 2766.3 1.25 247
0.85 1:83 £ 106 14.68 2:17 £ 106 1.19 1:48 £ 105



658 O’BRIEN AND LEWIS

Fig. 11 One-half power law
body with original blunting
cylinder and equivalent heating
cylinder.

detachment distance and drag, but it also has more volume than the
power law geometry.

Conclusions
Leading-edge bluntness plays a key role in predicting aerody-

namic performance and combustor inlet properties for hypersonic
vehicle designs. These aircraft usually rely on sharp leading edges
to minimize shock standoff and its associated drag. However, for a
leading edge to be practical, some form of blunting must be applied
for heating,manufacturing,and handlingconcerns.Hence, a practi-
cal leadingedge (usually takenas beinga circularcylinder) will tend
to displace the shock wave, degrading the predicted performanceof
originally sharp-leading-edgedvehicles.

Power law geometrieshavebeenshown to havezero radiusof cur-
vature with in� nite body slope at the nose. Thus, these geometries
have numerical characteristics that could be useful in leading-edge
design.From computationaland analyticalformulations,power law
geometries were compared using geometry, shock detachment dis-
tance, drag, and stagnation point heating. Results showed that for
the same stagnation point heating, circular cylinders have smaller
shock standoff and lower drag. Hence, it is concludedthat, although
power law geometries have numerical characteristics that could be
useful in leading-edge design, they cannot be shown to be demon-
strably superior to circular cylinder geometries when heating and
drag are primary issues.
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