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The hypersonic waverider concept includes the obissonfigurations that are designed so that theiv
shockwaves are attached to the leading edge. Vd&veriwere first introduced with an inverse-design
approach, in which a generating body is used tcstcoct a virtual flowfield, from which an efficient
aerodynamic shape is derived for a certain seesifeld properties. Choosing that initial generatindy had
proven a source of great uncertainty, until Solkgcintroduced his concept of the “osculating cone”
solution. Because the method begins with a desihedk, not a chosen generator, it lends itselfreatgr
flexibility, a more inclusive optimization spacenchathe ability to more closely tailor waveriderdik
properties to existing generic hypersonic forms.

1. Introduction

1.1. High Lift Low Drag Shapes

Classic reentry vehicles, including planetary pspbeanned
capsules, and the Space Shuttle, have been designed
mitigate high heating rates with blunt leading edtfeat also

create significant drag, thereby enabling deceateratrom e

orbital velocities. Interest in accelerating hypeis vehicles T T
— for aircraft, weapons, maneuvering reentry, acckss-to- TT—
space, has fueled an extensive body of researctheat Ve —\

opposite end of the high-speed aerodynamic deﬂgctr:um /

namely low-drag lifting bodies. / ) \

Y

/ \

An efficient craft that will be accelerating and ;}/ \\

maneuvering must be designed to fly through theogprere

with  minimum drag. Such vehicles will have relatyve

slender shapes with thin leading edges at the fobrthe

aircraft, with smallest possible wave and viscotegdunder
the constraints of materials-imposed heating limits

Incorporating these sharp configurations in a prakt
configuration means adopting a whole new desigadgigm:
using the shock wave to our best advantage, instéad
fighting it. One very promising design is the sdeah Figure 1. Typical waverider shape derived for on-dsign shock
waverider airfoil, named because it rides on topt®fown attachment, high volume, and maximuni/D.
shock wave for highly efficient flight. Waverideegmetries
are of special interest for hypersonic applicatifmesause ) ) )
they offer the promise of higher lift-over drag/D, than Experiments on _Nonweller’s early shapes confirnfe t
generic hypersonic bodié$.A waverider may be thought of ~ they had relatively little wave drag, but they teddo have

as any supersonic geometry with its bow shock agid¢o  Significant viscous drag because of large surfae-to-
the leading edge. volume ratios, as well as poor packaging becausbheofow

volumetric  efficiencies. Subsequent work, including
Nonweiler first proposed Waveriders in 1957, as a especially the contributions of Rasmussen, expanitied
possible solution for gradual reenfryThough never waverider design envelope to include viscous camatibns,
effectively used for that application, they weredrporated ~ greater volumetric efficiencies, étcComputational fluid
into high-speed aircraft designs (e.g. the XB-70tgype  techniques further expanded the design space. Howév

bomber) and more recently, fight testbeds (e.g3%;4X-51) wasn't until Sobieczky introduced the unique cornaefpthe
“osculating cone” solutions in the early 1990’s ttha

waveriders became a more flexible construct, and
“*Currently: Chief Scientist of the U. S. Air Force “waveriding” could be added as a property to emgijeneric

1075 Air Force Pentagon, Washington DC 20330 shape;. In a sense, Sobieczky Single-haqdedly etatig
waverider concept from a noun to an adjeclive.
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Figure 2. Inverse waverider design. Flowfield showmill yield a
Nonweiler “caret” geometry.

1.2. Waverider Design Methodologies

a choice to be made of the cone angle for a givethv
number.

Rasmussen explored the design envelope of conical

waveriders extensively, examining cone and pertur@ne
solutions to seek the best generating flow from civhio

carve an optimal waverider. Rasmussen also intrediue
process to optimize a waverider shape for its dvelag
including skin friction, not just wave drag, leadiio an
extensive body of literature in optimized soluticarsd the
reintroduction of waverider shapes as practicafraite
configurations.

With the introduction of modern computational
techniques, the choice of waverider generating dmdvas
greatly expanded. Nearly any supersonic flowfietdild be
used as a starting point for such a process. Axisgiric
powerlaw shapes were chosen as a logical step, tivith
reasoning that powerlaw shapes have less wave tHeag

Waveriders are supersonic shapes in which the bowggnes so powerlaw-derived waveriders should hesedrag

shockwave is directly attached to the leading eddds
means that all of the flow that passes througtstteckwave
on the lower lifting part of the waverider is canid below
the waverider. This has the benefit of producingeaerally
high value of availabld/D with high lift coefficient, and
reducing cross flow and non-uniformities on the poession
surface. It also provides for efficient flow capuinto an
inlet at a specific design condition. Waveridersravérst
defined by Nonweiler using simple 2-D flowfields.
Nonweiler's approach was an inverse solution, iricivha
flowfield is first chosen, then a waverider is stéel from
within that field.

In fact, waveriders can be designed either dir&tiy
inversely, the defining criterion being that thewlwise

than cone-derived forms. That reasoning turned toube

false, as the streamsurfaces that determine thssymes

distribution, and hence, drag, on an axisymmetodyowere
not necessarily incorporated into the final waverishape.

Complex shapes were also enabled with computational
solutions. For instance, combinations of cones waedges
have also been explored for creating the generating
flowfield.** Wedge-derived waveriders have tended to have
betterL/D and more uniform flows than cones, but conically-
derived waveriders tend to be more volumetricafficient.

The idea behind the hybrid was to seek the bedbatif
forms. For a given flight Mach number, both the gednd
cone-shaped forms have only one degree of freedben:
obligue surface angle. In combination, the wedgeeco

leading edge oblique angle must be smaller than thegenerator offered a second degree of freedom, ttith o

attachment angle for a supersonic shockwave. Ndergei
solution introduced the method of waverider genanaby
starting with a known flow associated with a choskape in
a supersonic freestream, as shown in Figure 2. ikVitat
flow, and its known shockwave, a stream surfacalfgro
the direction of flow under the wedge is selectedepresent
the lower surface of the waveridérhe intersection of that
lower surface and the original shockwave definesléading

the wedge section relative to the cone radius.afgr given
cone/wedge oblique angle, a cone-wedge hybrid cteld
formed that tends to be more “cone-like” or moreetige-
like.” The method proved very useful in fitting werider
shapes to existing generic forms.

Interestingly, a cone-wedge hybrid form was setbdte
the NASA Ames SHARP L1 proposed flight experimemt i

edge with an attached shockwave. This process worksygoo shown in Figure 3, but it is not a waverifefhe
because the supersonic flowfield is mathematically -hosen form was designed for high lift in reenay,a flight

hyperbolic, so that the carved-out section thamforthe
waverider surface, representing perhaps a smaibopaof the
original flowfield, still retains the properties tifat flowfield
even though the generating body has been ignored the
waverider is defined.

A lingering question in the design of a hypersonic
waverider has been the choice of best generatirgesh
Nonweiler’s original work used simple wedge flovesform
the shockwave because of their ease of calculatiher
generating bodies can be used as the starting pbittte
waverider flowfield design process. Conically-dedv
waveriders have been used extensively because témely
towards higher volumetric efficiency than the wedigeived
forms, yet still lead to relatively simple analgicsolution.
Even with the choice of a cone generating bodyretie still

testbed for high-temperature ceramic leading edgtemals.
The designers chose a cone-wedge generator islerrthan
a waverider that would have been carved from soandop

of the flowfield of a cone-wedge hybrid. The vehiavas
intended as the third in a series for flights, tatugh the first
two simple flight experiments were successful, tifiing

body was never actually flown.

In fact, building on this idea of the cone-wedgaegator,
nearly any shape that has associated with it akslene and
supersonic downstream flow can be used as thealiniti
generating body for a waverider. In turn, each gaiveg
flowfield contains an infinite number of stream fawes,
which can be selected to form the final waveriderthere is
great flexibility in the process, and it is ripe foe



Figure 3. Proposed NASA-Ames SHARP L1 reentry expénent,
using a hybrid cone-wedge geometry. From Referend®.

application of optimization. However, there idlsib direct
means of identifying the best flowfield from whith carve
the waverider, and thus no means of determininguly t
optimal configuration using inverse techniques. hEgt
inverse techniques were limited to relatively sienpl
flowfields, two-dimensional or axisymmetric, becaun the
absence of a clear means of optimizing, simple teois
remained as valid as any others.

Another solution to this was a forward waverider
generating technique, explored by Starkey and L&wis
this case, a simple mathematical model was cortettum
describe a waverider with relatively few geometric
parameters. This work showed that a wide envelope o
optimized hypersonic shapes can be described wigh w
simple powerlaw functions to describe the planfaanea,
projected at some effective oblique angle, andbthee area,
and indirectly the shock layer and degree of unifty in the
undersurface flow. Then, by varying the powerlaw
coefficients and amplitudes, a very large varietf§ o
geometries could be explored analytically.
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Figure 4. Basic geometry description for parametrichypersonic
waverider forward design.

A geometry derived in this manner is shown in Fégdr,
which demonstrates a lifting body design with conupper
and lower surfaces. As shown, the full geometryinitédn
requires only six variables:

« length,|

« leading edge angl®,

« ventral angled

« amplitude constanf

« planform coefficientn

« base curvature coefficienty

where the upper surface is assumed oriented tstfesen.

This simple description proved extremely flexildad
robust, and could include nearly any class of cumtis-
surface vehicles without complex curvature. Fortanse,
settingn=m=1 so that the planform is triangular produces
Nonweiler's original so-called “caret” shaped wader
form. Similarly, setting=0.5 resulted in shapes that closely
resembled waveriders derived from conical flows.

For a concave compression surface, as is charstatesf
inward turning and come waverider form&J for convex
compression surfaces, more characteristic of gerferms,
&>0. Not all combinations of variables are permittédis
important that realistic geometric constraints netviolated,;
For instance, it is necessary to require that #td@cle have
positive thickness at all planform locatio®@ther constraints
could be placed on the geometry generator, inciudinether
the lower surface is convex or concave, and evethef
planform or volume fit within a prescribed box siZEhat
means that this geometry description meshed weth wi
optimization procedures, so that parametrics cobld
performed easily and rapidly, then confirmed with a
optimization process.

Local surface angle can be calculated directly fitbie
prescribed surfaces:
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With this known, inviscid lift and drag are derivétbm
pressure, calculated with either tangent wedgeaogent
cone solutions, integrated over the surface. Téchrtique
provided great flexibility in exploring a given dgs space,
and provided the streamwise leading edge angletisnthe
shock attachment limit for a given Mach number,douced
valid waverider forms. However, the details of tlesulting
flowfield were somewhat unknown, and could only be
derived computationally. This might prove unaccbfe&or
engine-airframe integrated systems, in which kndgte of
inlet flowfield properties would be key to the appriate
integration of a functional propulsion system.
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Figure 5. Typical osculating cone waverider, in thd case derived
for Mach 10 with planer ventral flow and conical leading edge
flow.

1.3. Locally-Axisymmetric Flow

Sobieczky developed a waverider generation teclentat
eliminates the need to choose a generating bodyandits
direct specification of the desired shock wavedasdt It also
offers many of the benefits of the forward techesju
described above, while providing design informatedrout
the chosen flowfield. This is the so-called osdotatLatin
for "kissing") cones waverider methdd.

This technique is a shock-based solution thandsfthe
flowfield directly from a specified shockwave, aallbws the
direct selection of inlet flowfield while providinggood
volumetrics and packaging. In so doing, it elimésathe need
to select an initial generating body, with the assed
uncertainty of choosing the “best” generator, alsd allows
for more direct fitting of waverider aerodynamies hasic
generic forms.

The osculating cone design approach is motivated b
Sobieczky’s realization that certain complex three-
dimensional inviscid flowfields can be approximateg
locally two-dimensional solutions. For instancesugersonic
flow with streamlines that have varying azimuthahature
can be approximated by a series of local conicald| each
of which is computed assuming constant radius o¥ature
corresponding to the actual local values.

The osculating cone method yields extremely flexibl
forms that combine the benefits of conical flowsl artanar
flows as needed. Figure 5 presents a typical oeglaone
result. The method is not exact, but rather appnakes a
three-dimensional flowfield as a series of two-disienal
planes. Several studies have already been perforimed
validate computationally and experimentally the utsting
cone waveriders design. Takashima performed nuaieric
simulations on osculating cone waverider shapexder to
integrate those as the forebody of a hypersonicieth The
computational results at on-design conditions apwei¢h the
general map of the analytical predicted flowfietdpugh
shock resolution was inadequate to assess the ntatch
desired accuracy.

Miller and Argrow tested two aluminum models of Mac
4 and Mach 6 osculating cone geometfigs the Mach 4
Unitary Plan Wind Tunnel and the Mach 6 blow down

Tunnel of the NASA Langley Research Center, resypsigt

At on-design conditions the experimental resultaficmed
the predicted location of the shock wave. The membu
surface pressure distributions generally agreech viite
analytical predictions. That study also confirméthtt the
osculating cone waveriders provided the high prethis
hypersonid_/D values'® The particular shapes chosen in that
study had small crossflow pressure gradients, amdhe
effects of neglecting those gradients should natehaeen
significant.

In the 1990’s, McDonnell-Douglas, now Boeing Phamto
works, developed a concept for a hypersonic glabaise
aircraft known by its generic name as the “DualiFue
Cruiser.” This was vehicle was envisioned to flynission
starting with hydrogen fuel up to half the Earth's
circumference, then return to base with aerial aléfig of
hydrocarbon fuels. The basic design was a conichdhved
waverider with truncated leading edges. A parafédrt was
undertaken to produce osculating cone shapes tbatdw
match the basic mold lines of the baseline, but witproved
lift-over-drag and more uniform inlet flow conditis. A
series of 68 separate osculating cone solutions werived,
optimized for various combinations of lift and voietrics®’

Ultimately, the baseline conical shape was choser o
any of the osculating cone shapes because theatisgutone
solutions had wider planforms to provide perfeathiform
ventral inlet flows; this resulted in higher praeid transonic
drag. The pure conical shape had non-uniform ifitei/
properties, but there was no penalty for this. Agmamic
performance was similar because the baseline andabisig
cone solutions were waveriders, though the ostogatbne
solutions did exceed the baseline in all casesaRiess, the
osculating cone solution proved its utility in bgiable to add
“waveriderness” to existing hypersonic shapes, ianbeing
able to produce such a high number of geometrigs fo
optimization in a very short period of time. Thendi
configuration of the Dual Fuel vehicle formed thasis of
NASA'’s X-43 Hyper-X flight test vehicle, that reasth Mach
7 and Mach 10 in 200%.

More recently, osculating cone solutions have hessd
in various designs for proposed hypersonic vehicles
Lockheed-Martin had developed a configuration for
hypersonic cruise that shows remarkable similadtghapes
associated with Sobieczky's osculating cone sahstioas
shown in Figure 8° Note that in this figure, the design has
used the ventral pod-like structures that are ateristic of
osculating cone solutions for locating engineshalgh
flowfield uniformity issues in those areas make hsuc
integration questionable.

2. Osculating Solution Steps
2.1 Locally Two-Dimensional Assumption

In the method of osculating cones, the generatioy fs
defined by a design Mach number, a bow shock aagle,a
shock wave shape at the exit plane of the waveriflsra
result, the method does not require a generatinty bo be
defined. The flow field behind the non-axisymmetshock
is determined by assuming “locally conical" flow the
normal planes along the shock curve.



Figure 6. Hypersonic vehicle concept, using osculag cone-type
geometry. From Reference 19.

The ““locally conical" flow is defined by an osatihg slice
of flowfield. The osculating cone method does &rctf
produce a “virtual” flowfield generator associateith the
specified shockwave, but the designer need notifgiehis
directly. Not all shock solutions are physicallyrpéted;

some would correspond to non-physical generators or

intersecting flowfield slices. Wedge-derived waders and
cone-derived waveriders may be thought of as ligitases
of the osculating cone waveriders method; wedgarer
forms correspond to on osculating region with afinite
radius of curvature, and cone-derived ones correspm one
with a constant radius of curvature.

The vertex of the conical flowfield in each plare i
determined by the local radius of curvature and gheck
angle. The shock curve is chosen so that the changee
radius of curvature is continuous along the cuang a series
of planes is used along the shock curve in the @aie to
fully define the flow field behind the bow shock.
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Figure 7. Construction of a complex waverider form using
osculating cones. Note the characteristic ventrabbes that form
as the shock transitions from highly curved to nedy 2-D.
Adapted from Reference 9.

A constant radius of curvature exactly reproduces a
conical flowfield; and infinite radius results inedge-like
flow. Thus, the osculating cone methodology camnsiie
gamut from caret shapes to conically derived, withny
combinations in between. This process is shownigarg 7.
Note that the osculating cone solution capturesynadrthe
desirable features of the hybrid cone-wedge methdtined
above, but without the uncertainty of having toidefthe
relative dimension of wedge width to cone radinsaddition
to the cone (and thus wedge) angle. Also unlikehyierid
method, the extent of uniform flow can be exactyimed to
match desired flowfield properties, such as foirdet. This
last property has been used to advantage in numel@sign
studies, including that of O'Brien and LeWisFigure 8
presents an integrated vehicle form that was desligat
Mach 12 for perfectly uniform inlet conditions.

2.2 Taylor-Maccoll Solutions

Because the osculating cone solution builds a fieddffrom
axial slices of conical flow, the properties of thirocklayer
in each slice are derived from the classic Taylaehkbll
equation& 2122

_ 7*2_}/;1 RVERVE) 2VERY
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This ordinary differential equation is readily igtated, for
instance with a fourth-order Runge-Kutta method.

In the basic osculating cone solution, the flovdfias
defined from a prescribed shockwave and intersgd¢iading
edge; in various formulations, powerlaw functioms ased
for simplicity to define these curves. Local tangeor
“osculating” cones are traced along the prescrifetkwave
shape at each discrete point. The radius of thelatstg cone
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Figure 8. Osculating cone-derived waverider for a Mch 12
configuration. From Reference 6.



is just the local radius of curvature of a virtug@nerating
surface. The intersection of the prescribed leadige curve
and the local osculating shock has to be determifbe
longitudinal position of the leading edge is deterd by
projecting the previous leading edge point in ttreanwise
direction: the vehicle leading edge occurs at ttiersection
of the shockwave surface generated by the locallateg

cone and the proscribed leading edge curve. Theerupp

surface of the vehicle is then obtained by projerteach
leading edge point downstream to the base plane.efitire
shockwave is determined by marching upstream a&auip
local osculating cone surface, from the base plan¢he
leading. With the known shock geometry, the shanyet
properties can be determined directly from Taylaedboll.

The top of this figure shows the predicted anafytiesult,
whereas the bottom shows the computed response. thet
very close match between predicted and computetbeon

Despite this generally good agreement, and thetipesi
results of experimental efforts such as those dfeMand
Argrow.’® It has recently been of interest to characterize
possible errors introduced into the osculating cprecess,
and, if possible, mitigate them as part of the glesi
methodology.

3. Modified Osculating Cone Solution

3.1. Unaccounted Pressure Gradients

In Sobieczky's original formulation, the resulting Recall that Nonweiler's original waverider concepsed

predicted flowfield does not account for pressuradignts
between the osculating cone slic&nce the flow is built
from adjacent regions of locally-conical flow, leech with a
unique local azimuthal shock curvature, there shagtually
be some crosswise flow that is not accounted fahénbasic
method. This means that, strictly speaking, theermed
osculating cone flowfield is not an exact matclthi® original
conically-constructed flow. That in turn

actually waverider forms, and also whether they lddave

raised sm
questions as to whether osculating cone solutiomse w

body-derived flowfields, those that begin with assamed
flowfield associated with a chosen generdt@ecause the
generator must be chosen first, this exact approanhhave
restrictions on the flowfield properties; for inste,

waveriders that start with inviscid flow over a eomill

always have inviscid conical flow in the final dexd

flowfield, no matter how complex the surface geamethe

same is not true of the osculating cone solutions.

In the recent efforts of Lewis and ChauffGua simple

the delivered performance that is predicted by rthei predictor-corrector algorithm has been applied gidtuler's

constructed flows.

flow equation to modify velocity, imposing a crosse
velocity component away from the gradiemty=-dp/rV.

As it turns out, in nearly all practical cases #1€s gome recent results are shown in Figurewvitiich presents

neglected pressure gradients are minimal. In fhet; can be
corrected, but the resulting waverider shapes asdciated
flow properties closely resemble the uncorrectecliading

cone shapes derived by Sobieczky. Figure 9 preshigs

induced pressure on one Mach 6 waverider.

the magnitude of corrected velocity on an oscuiptione
waverider lower surface.

Sobieczky’s osculating cone method solves this lprob
by starting directly from a desired shockwave sham a
generating body® Slices of flow from the Taylor-Maccoll

In general, osculating cone shapes have demortstrate ;e solutions are then assembled from the shoekwav

flow properties that are very close to the origipaddicted
flows, despite the fact that they are not exacutsmis. For
instance, Figure 8 presents pressure contourseofidlv on
the undersurface of the Mach 12 waverider in Figure
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Figure 9. Pressure distribution on the lower surfae of an
osculating-cone waverider. From Reference 23.

derived as a function of local shock radius. Thiakes for a
more flexible solution, one which can be more gasi
around desired inlet geometries, volumetric comatitens,
etc.™

3.2. Pressure Gradient Corrections

Since osculating cone solutions are built from eslicof
conical flows with varying radii of curvature theyre not
exact, as they neglect the cross-flow pressureigredthat
would result between adjacent conical flow slicdhe
present work introduces a simple methodology t@actfor
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Figure 10. Pressure contours on the undersurface @ Mach 12
osculating cone-derived waverider vehicle. From Refence 6.



Figure 11: Velocity correction on the lower surfaceof an
osculating cone design. From Reference 23.

the azimuthal pressure gradients. Because the ajeder
flowfield is entirely inviscid, Euler's equation,

dv?=-2dp/p, is applied to determine the local pressure
gradients between each osculating cone slice. Ath ea

streamwise plane, a velocity correction is apphetween
adjacent points in the azimuthal direction:

a(uj (5)

Typical results of this correction, for shapes wiginge
gradients at Mach 3 and Mach 6, are presentedgar&il2
and Figure 13, respectively. These views show bhlthe
osculating cone waverider base with both an origfoem
and a pressure-corrected solution. Note that itheecase is
the modified geometry significantly different thathe
original design. This suggests that previous ositigacone
solutions are actually quite accurate, and azimythessure
gradients should be small.

For the Mach 3 waveriders, some geometric diffezenc
between the corrected lower surface and the uractede
lower surface can be observed in Figure 12. Ngir&ingly,
the modifications introduced by the correction roethare
most significant primarily in the region where thedients
of shock wave curvature are the highest, whichhen the
highest spanwise pressure gradients are locatedh&dlach
6 waverider in Figure 13, differences between urezted
and corrected forms are less significant. At Ma€h the
inclusion of azimuthal pressure gradient introducieially
no significant changes.

3.3. Calculated Flowfield Changes with Modification

Computational solutions were obtained to evalua¢dmpact
of the geometry modifications of the pressure atioas on
the waverider flowfield. The inviscid flowfield pidected by
the analytical solution of the osculating cone

Lower surface
modified

b (st g
Figure 12. Half of the base plane of an osculatingpne waverider,
derived for flight at Mach 3, showing both the orignal and
“corrected” solutions in part a. The region of higtrest gradient,
indicated by outline in part a, is expanded in partb. From
Reference 23.

generating flowfield was compared to the resultmf%%
inviscid computational simulation obtained with GFD
FASTRAN from CFD research Corporation, a fully imcfil
finite volume code using local time. At each tinteps flux
vectors were evaluated using Roe’s upwind fluxedéhce
splitting, with an Osher-Chakravarthy flux limiter order to
achieve third-order spatial accuracy. The solutiavsre
allowed to converge until the,lnorm of the density residual
dropped at least by three orders of magnitude.chamge in
lift and drag coefficients were also less than® tver 100
iterations. Finite volume grids were constructedngisa
Cartesian grid generator, CFD-GEOM.

Waverider configurations present the double chgheof
a sharp leading edge, with a strong shock wavetsthto it;
the grid was locally refined in order to capture #olutions
details at the leading edge and to sharply resdhe
gradients associated with the shock wave. Comjpumiziti
grids were shock-fitted in order to reduce freestigoints,
with 100x100x70 points around the waverider halijoo

A comparison of the normalized base pressure casitou
at Mach 6 is presented for both an uncorrectedcanccted
waverider in Figure 14 and Figure 15, respectiv@lgsign
shock angle is 7 with a design altitude of 28 km,
corresponding to a velocity of 1800 m/s andD
approximately 4. The shock was selected to proviearly
planar flow down the ventral axis, and conical floear the
leading edge. In both cases, the predicted shockewa
location agrees very well with the CFD result. Alsoboth
cases, the pressure contours exhibit some smearitige
azimuthal direction though the uncorrected wavergl®ows
more distortion and pressure contours deviate rinore
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Figure 13. Half of the base plane of an osculatingpne waverider,
derived for flight at Mach 6, showing both the orignal and
“corrected” solutions in part a. The region of higtest gradient,
indicated by outline in part a, is expanded in par b. From
Reference 23.

purely conical form. Note also that the uncorrectederider
shape has a smaller region of ventral flow uniféynthough
the differences are subtle. Overall, the diffeemnbetween
corrected and uncorrected osculating cone solutiares
indeed small for this chosen example, and though th
azimuthal correction adds little computational céewjty, a
form derived without it would still offer good agmment
between predicted and derived performance. As tlaehM
number increases the flow tends to become unidbreadtin
the streamwise direction; as a result the influerafe
azimuthal pressure gradients becomes even lesficigih

Interestingly, the overall aerodynamic performaatthe
corrected and uncorrected designs are nearly @#nthe lift
coefficient calculated for the corrected waverider,
C.=0.0496, is 0.106% higher than the analytical poteoh
for that shape; that of the uncorrected waveri@er0.0485,

Analytlcal GFD

. Analytcal

shock wave

Figure 14. Computational solution of an unmodifiedosculating
cone waverider, showing a comparison of pressure gturs in
the base plane. From Reference 23.

Analytlcal

shack wave

Figure 15. Computational solution of a pressure-coected
osculating cone waverider, showing a comparison gfressure
contours in the base plane. From Reference 23.

is 0.196% lower. However, the overbID of the uncorrected
shape (both predicted and calculated) is actuadiipdr than

that of the corrected one by about 0.5%, dropping1f3.92

to 3.90 with the azimuthal correction. These srferences
suggest some interesting trends but are of minpredtical

significance. Indeed, with the addition of viscoefects,

such differences are little more than an analytaaiosity.

Note that at high altitude, rarefied effects carther detract
from osculating cone waverider behavior; in fabgttcan be
true of any waverider forr.

4. Conclusions

Sobieczky’s method of osculating cones introducedews
design technique for optimizing high-lift hypersorghapes,
and solved an ongoing problem of selecting the th@sfield

by avoiding the problem all together. Whereas fmesiwork
had concentrated on identifying the best generatindy
from which to form a waverider, Sobieczky simplyoaled
the question by seeking an entirely different appho one
that begins with the shockwave.

Osculating cone solutions has thus far demonstrtted
highest lift-over-drag of any known waveriders, lwithe
ability to tailor flowfields that fit generic, nowaveriding
airframes, or that provide desired engine inlefpprtes. By
developing a method that seamlessly combines doaité
wedge-based flowfields, Sobieczky's technique makes
available the best of both known solution typeshvgreat
flexibility for exploiting the benefits of both twdimensional
and axisymmetric flow patterns.

A lingering issue had been that osculating conetsnis
were not exact because they neglected transveessupe
gradients, and thus some question remained aboatheh
the derived analytical solutions could be applieddalistic
configurations. In fact, computational and experaé
solutions had shown excellent agreement with ptiedicbut
that was for specific geometries that may not haeel
extreme pressure gradients. Corrections for |leaddue
bluntness, viscous effects, etc. should also intredfar
greater errors into the final design than neglectmansverse
pressure gradients.

To settle this question, a modified osculating cone
waverider design technique has been introduced. nWhe
applied, the derived geometry could be modifiepravide a
better match between predicted analytical flowBeldnd
actual computed flowfields, especially in the ldocat of
pressure gradients. However, it was observed isahadest
cases that only small modifications were seem ie th
streamlines. The differences between the corremtednon-



corrected configurations are most significant ia tbgions of
highest gradient of the shock wave curvature. Nbo&t the
pressure correction technique could be run itezbtjvuntil

some convergence is reached. It is not known tfurauld be
a stable process, but it was clear that, for theseh
waverider examples, such iteration was unnecessary.

Research since the early 1990's has found Sobi&xzky
original waverider osculating cone concept to biterible,
powerful tool for hypersonic vehicle design. Thesiba
assumptions in Sobieczky’s original waverider medtihave
been well validated, and it has been shown thaiatiems
from analytical solutions due to the azimuthal pues
gradients along the waverider geometry are nedégiit
sufficiently high Mach number (over Mach 4-5). 3Jhi
conclusion is of course dependent on the partisubdrthe
individual waverider design. However, for nearly yan
practical osculating cone waverider geometry, tle¢hod has
repeatedly been demonstrated to be an effective ftoo
vehicle integration and optimization.
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