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I. Introduction

W AVERIDER geometries are of special interest for hypersonic
applications because they offer the promise of higher lift over

drag, L/D, than generic hypersonic bodies.1−6 Any supersonic ge-
ometry with its bow shock attached to the leading edge may be
thought of as a waverider. A particularly flexible waverider gener-
ation approach is the so-called “osculating-cone” waverider design
method proposed by Sobieczky et al.7 in 1990. This technique is a
shock-based solution that defines the flowfield directly from a spec-
ified shockwave and allows the direct selection of inlet flowfield
while providing good volumetrics and packaging. In doing so, it
eliminates the need to select an initial generating body, with the
associated uncertainty of choosing the “best” generator, and also al-
lows more direct fitting of waverider aerodynamics to basic generic
forms.

The osculating-cone method is not exact, but rather approximates
a three-dimensional flowfield as a series of two-dimensional planes
neglecting effects of crossflow. Several studies have already been
performed to validate computationally and experimentally various
osculating-cone waverider designs. Takashima performed numer-
ical simulations on osculating-cone waverider shapes to integrate
those as the forebody of a hypersonic vehicle.8 The computational
results at the design Mach number and attitude agreed with the
general map of the analytically predicted flowfield, though shock
resolution was inadequate to assess the match to desired accuracy.

Miller and Argrow tested two aluminum models of Mach 4 and
Mach 6 osculating-cone geometries9 in the Mach 4 unitary plan
wind tunnel and the Mach 6 blow-down tunnel of the NASA Langley
Research Center, respectively. At the design Mach number and atti-
tude the experimental results confirmed the predicted location of the
shock wave. The measured surface-pressure distributions generally
agreed with the analytical predictions. That study also confirmed
that the osculating-cone waveriders provided the high promised hy-
personic L/D values. The particular shapes chosen in that study had
small crossflow pressure gradients, and so the effects of neglecting
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those gradients should not have been significant. This may not be
true in all cases.

Unlike the original waverider solutions of Nonweiler,10

osculating-cone waverider designs will not exactly preserve the orig-
inal design flowfield, and this has raised some questions about the
validity of the derived configurations. Previous osculating-cone wa-
verider work has assumed that the azimuthal pressure gradients in
the original generating flowfield are minimal, and thus neglected
these to simplify the design process.11 In the present effort, these
gradients are calculated and shown to be negligible in all but ex-
treme cases, though the design process can be modified to provide
some correction, as will be described.

II. Modified Osculating Cone Solution
Nonweiler’s original waverider concept used body-derived flow-

fields, which begin with an assumed flowfield associated with a
chosen generator.10 Because the generator must be chosen first, this
exact approach can impose restrictions on the flowfield properties;
for instance, waveriders that start with flow over a cone will always
have conical flow in the final derived flowfield. There is also no
direct connection between the overall aerodynamic performance of
the generator and that of the final waverider; a minimum-drag gen-
erator does not necessarily produce a high L/D waverider because
the body drag comes from surface pressures, but the waverider is
carved from a region of flow in the shock layer above the original
generating surface.

Sobieczky’s osculating-cone method solves the problem of choos-
ing a generator by starting directly from a desired shockwave shape,

Fig. 1 Mach 3 waverider base plane.
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not a generating body.7 Slices of flow from the Taylor–Maccoll
cone solutions are then assembled from the shockwave, derived as
a function of local shock radius.12,13 This makes for a more flexible
solution, and one that can be more easily fit around desired inlet
geometries, volumetric considerations, and so forth.14−16

The osculating-cone method does in fact produce a “virtual” flow-
field generator associated with the specified shockwave, but the
designer need not identify this directly. Wedge-derived waveriders
and cone-derived waveriders may be thought of as limiting cases
of the osculating-cone waverider method; wedge-derived forms
correspond to an osculating region with an infinite radius of cur-
vature, and cone-derived ones correspond to one with a constant
radius of curvature.

A. Pressure-Gradient Corrections
Since osculating-cone solutions are built from slices of conical

flows with varying radii of curvature, they are not exact, because they

Fig. 2 Mach 6 waverider, base plane.

a) Pressure-gradient modified osculating cone waverider

b) Unmodified osculating cone waverider

Fig. 3 Mach 6 waverider, normalized pressure contours, isometric view, and inlet plane.

neglect the cross-flow pressure gradients that would result between
adjacent conical flow slices. The present work introduces a simple
methodology to account for the azimuthal pressure gradients. Be-
cause the generated flowfield is entirely inviscid, Euler’s equation,
dV 2 = −2 dp/ρ, is applied to determine the local pressure gradients
between osculating-cone slices. This is a valid approach, as opposed
to using the fully viscous equations, because boundary effects can-
not be added in until the vehicle surface is defined, after the flowfield
has been determined. At each streamwise plane, a velocity correc-
tion is applied between adjacent points in the azimuthal direction:

(
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i
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�V 2
i

)
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Typical results of this correction, for shapes with large gradients at
Mach 3 and Mach 6, are presented in Figs. 1 and 2, respectively. Note
that in neither case is the modified geometry significantly different
than the original design. This suggests that previous osculating-cone
solutions are actually quite accurate, and azimuthal pressure gradi-
ents should be small. For the Mach 3 waveriders, some geometric
differences between the corrected lower surface and the uncorrected
lower surface can be observed in Fig. 1. Not surprisingly, the mod-
ifications introduced by the correction method are most significant
primarily in the region where the gradients of shock wave curvature
are highest, which is where the highest spanwise pressure gradi-
ents are located. For the Mach 6 waveriders, differences between
uncorrected and corrected forms are less significant. At Mach 10,
the inclusion of azimuthal pressure gradient introduces virtually no
significant changes.

B. Calculated Flowfield Changes with Modification
Computational solutions were obtained to evaluate the impact

of the geometry modifications of the pressure corrections on the
waverider flowfield. The inviscid flowfield predicted by the analyt-
ical solution of the osculating-cone generated flowfield was com-
pared to the results from an inviscid computational simulation ob-
tained with CFD-FASTRAN from CFD Research Corp., a fully
implicit finite-volume code using local time. At each time step, flux
vectors were evaluated using Roe’s upwind flux-difference split-
ting with an Osher-Chakravarthy flux limiter to achieve third-order
spatial accuracy. The solutions were allowed to converge until the
L2 norm of the density residual dropped at least by three orders
of magnitude. The changes in lift and drag coefficients were also
less than 10−3 over 100 iterations. Finite-volume grids were con-
structed using a Cartesian grid generator, CFD-GEOM. Waverider
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configurations present the double challenge of a sharp leading edge
with a strong shock wave attached to it; the grid was locally re-
fined in order to capture the solution details at the leading edge
and to sharply resolve the gradients associated with the shock
wave. Computational grids were shock-fitted in order to reduce
freestream points, with 100 × 100 × 70 points around the waverider
half-body.

A comparison of the normalized base pressure contours at Mach 6
is presented for both a corrected and an uncorrected waverider in
Fig. 3. Design shock angle is 17 deg, with a design altitude of
28 km, corresponding to velocity 1800 m/s and L/D approximately
4. The shock was selected to provide nearly planar flow down the
ventral axis and conical flow near the leading edge. In both cases, the
predicted shock-wave location agrees very well with the CFD result.
Also in both cases, the pressure contours exhibit some smearing in
the azimuthal direction, though the uncorrected waverider shows
more distortion and pressure contours deviate more from purely
conical form. Note also that the uncorrected waverider shape has
a smaller region of uniform ventral flow uniformity, though the
differences are subtle. Overall, the differences between corrected
and uncorrected osculating-cone solutions are indeed small for this
chosen example, and though the azimuthal correction adds little
computational complexity, a form derived without it would still offer
good agreement between predicted and derived performance. As the
Mach number increases, the flow tends to become unidirectional in
the streamwise direction; as a result, the influence of azimuthal
pressure gradients becomes even less significant.

Interestingly, the overall aerodynamic performance of the cor-
rected and uncorrected designs is quite similar. The lift coefficient
calculated for the corrected waverider, CL = 0.0496, is 0.106%
higher than the analytical prediction for that shape; that of the un-
corrected waverider, CL = 0.0485, is 0.196% lower. However, the
overall L/D of the uncorrected shape (both predicted and calcu-
lated) is actually higher than that of the corrected one by about
0.5%, dropping from 3.92 to 3.90 with the azimuthal correction.
These small differences suggest some interesting trends but are of
minimal practical significance.

III. Conclusions
In the present work a modified osculating-cone waverider design

technique has been introduced. When applied, the derived geometry
could be modified to provide a better match between predicted an-
alytical flowfields and actual computed flowfields, especially in the
location of pressure gradients. However, only small modifications
of the streamlines were observed. The differences between the cor-
rected and uncorrected configurations are most significant in the
regions of high gradient of the shock-wave curvature. As the Mach
number increases, the effect of azimuthal pressure gradients de-
creases, so that the streamlines tend to remain in their original os-
culating plane even without correction. Overall, for the different
configurations studied, the modified waveriders are quite similar to
the waveriders derived with the previous osculating-cone waverider
method, with a decreasing effect of the modifications with increas-
ing Mach number. This effect is characteristic of hypersonic flow,
for which Mach number independence rules high-Mach-number
flowfields.

From a vehicle integration standpoint, this study has shown the
influence of the azimuthal pressure gradients on the inlet-plane flow-
field distribution. At low Mach numbers, those gradients will have
a small but noticeable effect. For high hypersonic Mach numbers
this work has confirmed that the geometry of the streamlines was
not perceptibly affected by azimuthal gradients. The geometry of
the lower surfaces of waveriders for such configurations is conse-

quently not strongly impacted by the corrections incorporated within
the present osculating-cone waverider design. This study validates
the assumption made in earlier osculating-cone waverider solutions
that the azimuthal pressure gradients along the waverider geometry
are negligible at sufficiently high Mach number (over Mach 4–5).
This conclusion is of course dependent on the particulars of the
individual waverider design. However, with a minor modification,
some modest improvement in the prediction of the streamline loca-
tion can be had, albeit with a small decrease in overall aerodynamic
performance.
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