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Off-Design Performance of Hypersonic Waveriders

Lyle N. Long*
The Pennsylvania State University, University Park, Pennsylvania 16802

Waveriders are being considered more and more as potential aerospace vehicles. There are several questions,
however, regarding these configurations that must be answered before they can be considered viable designs.
The most significant problems are related to aerothermal heating, propulsion integration, and off-design
performance. This paper presents off-design performance predictions for two generic waveriders. The results are
from a numerical method based on the nonlinear, inviscid Euler equations. Comparisons to experimental data
are also shown.

Introduction

T HE subject of this paper is the off-design performance of
hypersonic waveriders. These vehicles are fairly well un-

derstood at their design Mach number and angle of attack, but
their behavior at other conditions is not well documented. In
addition, waveriders that have nonplanar or nonconical bow
shocks1 are also not well understood. After a brief discussion
of some of the off-design problems encountered on waverid-
ers, some numerical results will be presented. The results will
be for two different waveriders and will be limited to inviscid
flows.

With the recent resurgence of interest in hypersonic vehicles,
waverider configurations are being proposed as effective hy-
personic designs. Waveriders are vehicles that capture a bow
shock along their leading edges; this eliminates flow around
the leading edges2 and captures the high-pressure air. In effect,
the shock wave generated by thickness of volume is also used
for lift. The result is a significantly higher lift coefficient for a
given lift/drag (L /D) ratio than more conventional designs, or
a higher L/D for a given lift coefficient. An increase in L/D
can usually be equated with an increase in aircraft range or
cross range.3

Kuchemann2 describes how aircraft fall into one of three
categories: wing body (or swept), slender, or waverider. An
understanding of one class does not necessarily allow one to
design an effective vehicle in another. Just as one could not
have anticipated the design of the Concorde or the SR-71 in the
1930s, no one today can anticipate the ultimate hypersonic
cruiser of the next century.

Wing-body aircraft are very effective at low speeds but are
not well suited to supersonic flight. Slender configurations
have subsonic leading edges at supersonic freestream condi-
tions. As the Mach number is increased, this requirement pro-
duces vehicles that are too slender to be practical. If one must
use supersonic leading edges, waveriders appear to be very
effective, especially if one is interested in global flights in
reasonable times (under 2 h).

Several excellent surveys of waveriders have been pub-
lished2'4"7; therefore, few historical remarks on waveriders will
be made. Although these vehicles have been thoroughly stud-
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ied at their design conditions, off design they produce very
complex flowfields and have not been analyzed in detail. Two
exceptions are Squire's presentation8 of a set of charts for the
off-design characteristics of diamond and caret configurations
and Jones' full-potential analyses.9 Off-design behavior is typ-
ically determined from wind-tunnel tests, many of which are
described in Refs. 2 and 4-7. Off-design performance is critical
since many hypersonic configurations will not be point-design
vehicles. With the recent advances in computational fluid dy-
namics (CFD), these flows can be analyzed in detail, including
real gas and viscous effects. Until realistic waverider configu-
rations are thoroughly studied at off-design conditions, they
cannot be seriously considered as practical designs.

Some of the major phenomena that must be addressed be-
fore waveriders can be considered viable are the following:
aeropropulsion integration, aerothermal heating, stability and
control, nonconical or nonplanar bow shocks, shock-wave im-
pingement, leading-edge vortices, degradation of theoretical
performance due to viscous effects, effect of leading-edge
radii, upper surfaces not aligned with freestream, and shock
thickening due to Knudsen number effects. Most of these ef-
fects will only be described briefly here, and then some results
for generic waverider configurations at off-design conditions
will be shown.

Viscous effects will be critical to assess accurately aero-
propulsion integration, aerothermal heating, shock/boun-
dary-layer interactions, and separated flows. Townend6 sug-
gests that the heating problems (both the rate and the peak)
may be less severe on waveriders than on flat delta wings with
the same lower surface deflection angle.

For air-breathing vehicles, the inlets and nozzles may be
essentially the entire fore and aft lower sections of the vehicle,
respectively. Therefore, the aeropropulsion integration prob-
lem cannot be separated from the exterior aerodynamics of the
vehicle. The hot reacting flows in the base region will be espe-
cially difficult to calculate or simulate experimentally due to
the interaction of complex chemical kinetic effects and turbu-
lent shear layers. Some of the problems associated with inlets
for hypersonic vehicles are discussed by Molder,7 Hunt et al.,10

and more recently by Hemdan and Jischke.11 Aerodynamic
and inlet performance improvements due to fuselage camber-
ing are discussed in Ref. 10.

The off-design location of shock waves can seriously impact
performance, heat transfer, and propulsion integration. Con-
ventional slender aircraft have leading edges swept inside the
bow shock. Waveriders have a bow shock captured oil their
leading edges. On conventional vehicles, at Mach numbers
greater than their designed values, the forebody bow shock can
impinge upon the wing leading edges. This results in significant
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increases in local aerothermal heating unless the leading edges
are highly swept.12 One may not be able to sweep inlet-cowl
leading edges, however, which means they must be actively
cooled or incorporate high-temperature thermal protection.
systems. An excellent review of aerothermal heating is given in
Ref. 13. Shock-wave systems on waveriders are described in
Ref. 14.

Waveriders at Mach numbers above their design values will
encounter a completely different type of shock impingement.
Instead of impinging on the leading edges, the shocks may
sweep across the upper and lower surfaces. This will cause very
complicated shock/boundary-layer interactions and possibly
high heating rates. Reference 15 presents a very comprehensive
review of shock/boundary-layer interactions.

Stability and control of waveriders is a concern because of
the typically large amounts of anhedral. It may also be diffi-
cult to incorporate effective control surfaces without degrad-
ing the performance. The stability and control of conventional
hypersonic vehicles are discussed in Refs. 16 and 17. Hui has
published extensively on hypersonic stability and control (see
Ref. 18), including the characteristics of caret wings.15

Few theoretical or numerical studies have included the ef-
fects of viscosity on waveriders. Bowcutt et al.19 have included
skin friction in their waverider optimization procedure. On
slender vehicles such as these, it is very important to include
viscous effects. Vehicles similar to Bowcutt's will be analyzed
experimentally by NASA Langley Research Center in the near
future20 in order to evaluate viscous effects further. It would
also be of interest to include displacement thickness effects in
any analysis procedure; these are not included in Ref. 19. Since
the boundary-layer thickness on a flat plate varies according to

it can be orders of magnitude larger than at low Mach num-
bers. At high altitudes it can be of the same order as the
thickness of a slender body.

The configurations in Ref. 19 were optimized for L/D and
consequently have very small lift coefficients (CL <0.1). The
L ID is just one possible parameter that could be optimized. In
addition j the coritraints could also be varied. For some vehicles
L/D will not be the most important parameter, such as those
that go from Earth to orbit very rapidly without actually cruis-
ing. For these vehicles, one might be more interested in maxi-
mizing thrust minus drag ( T — D) and thus aeropropulsibn
integration would be the main issue.

Classical waveriders are designed using known flowfields.
The most common are the planar and conical flowfields of
wedges and cones, respectively. These are not optimal shapes,
even from an aerodynamic standpoint. Optimal hypersonic
shapes are described in Refs. 21-23. Power law bodies have
been shown to have very low drag compared to cones. With
advanced computational methods, it should be possible to
incorporate these low drag shapes into waveriders. Power law
waveriders would have a Gothic-like planform and, conse-
quently, would have significantly different leading-edge vortex
flows at subsonic and supersonic speeds than a conical wave-
rider with a delta planform. This could significantly alter the
aerothermal heating and the low-speed vortex flows off the
leading edge. Noriweiler4 showed that rounding the apex of a
delta planform would also help reduce the aerothermal heating
at the apex. However, the power law bodies will have blunter
nose cones, which may increase the total pressure losses to the
inlets. Also, optimizing aerodynamic forces will be of little use
if the vehicle's performance is governed mainly by aeropropul-
sion integration. Air-breathing hypersonic vehicles will be
characterized as having lift, drag, moments, thrust, and trim
all highly coupled.

In addition to being suboptimal aerodynamically, conical
and planar flowfields are not optimum from a systems stand-
point either. They present problems in terms of propulsion
integration, control-surface location, aiid landing-gear place-

ment. Their tremendous value comes in the guidance they give
the designers. However, there has been little to guide the de-
signers as to the effect of deviating from the conical or planar
fields. Most studies have shown, however, that minor devia-
tions from the classical shapes do not significantly alter the
characteristics. This will be discussed in more detail in the
Results section.

Since waveriders may be used as aerospace planes that take
off and land horizontally ori runways, their low-speed charac-
teristics are also important. As with conventional highly swept
wings, they can be expected to produce significant vortex lift
at high angles of attack (subsonically and supersonically).
However, the nature of these flowfields may differ signifi-
cantly from delta wings because of the differences in thickness
and planform.

As mentioned, the waverider off-design flowfield is not
amenable to simple analyzes. Methods based on modified
Newtonian or other component techniques (such as the Hyper-
sonic Arbitrary Body Program24) are by definition incapable
of modeling interference effects. Ideally, one would like to use
the full Navier-Stokes equations, but this is expensive and not
well validated at hypersonic speeds (particularly turbulence
models and boundary-layer transition). For many problems j
especially as a preliminary analysis, inviscid techniques can be
quite useful. They cannot predict the important heat transfer
and boundary-layer characteristics, but quantities such as sur-
face pressure are often predicted very well with inviscid meth-
ods. This is especially true for vehicles that are relatively thick.
Figure 1 shows that for relatively thick bodies, the skin friction
has a negligible effect on the L/D.

However, Fig. 1 may not be applicable to higher Mach
numbers because it tioes not show the effect of displacement
thickness. The relative importance of the boundary layer on
the outer flow can be estimated using the viscous interaction
parameter: xaM^A//te^. When this parameter is order unity
of larger, the surface pressure distribution may differ signifi-
cantly from inviscid predictions. At Mach = 10, the interac-
tions may be significant when the Reynolds number is
<1 x 106. If a vehicle is designed for high-altitude flight
(where the aerothermal heating will be reduced), the Reynolds
number most likely will be smaller than these numbers. When
these effects are large, the inviscid methods must be aban-
doned or at least coupled to a boundary-layer routine. How-
ever, at hypersonic speeds, the concept of an inner viscous
flow and an outer inviscid flow is not always valid.

At high Mach numbers and/or low Reynolds numbers, rare-
fied gas effects will also become important. These flows are
usually characterized by the Knudsen number (Kn = X/L),
where X is the mean free path and L is some characteristic
length [e.g., L = p(dx/dp)]. The Euler equations are valid in
the limit as Kn -*0, and the Navier-Stokes for Kn < 1. Typi-
cally, when Kn >0.1, one must resort to kinetic-theory-based
methods such as the direct simulation Monte Carlo method.25

As the Knudsen number is increased, shock waves become
thicker and thicker. Therefore, at high altitudes, the concept
of capturing a bow shock ori a leading edge becomes somewhat
arbitrary. This means that waverider performance will be re-
duced due to the inability to capture the high-pressure air. The
performance of waveriders under these circumstances has not
been investigated in detail. An important point to make is that,
although in the freestream Kn — M/Re, near stagnation re-
gions Kn — l/(MRe); therefore surface quantities can often be
predicted quite well with continuum theories.

Method
In the present study, a numerical method based on the non-

linear Euler equations has been used. These equations accu-
rately model the effects of strong shock waves (not internal
shock wave structure, however) and vorticity transport. In
addition, when the separation point is fixed, such as at a sharp
leading edge, they have been shown to predict separated flows
reasonably well. Relatively thick bodies will be analyzed here
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Fig. 1 Effect of skin friction and thickness on L/D*3

Fig. 2 Three views of Rasmusseri's elliptical cone waverider with
base (WR-1).

(forebody thickness/chord = 0.21 and 0.30), so inviscid meth-
ods should be fairly accurate. These types of bodies will be of
interest when large amounts of volume are required for pay-
load or fuel. For example, hydrogen-powered vehicles may
require relatively thick fuselages due to the low density of
liquid hydrogen compared to conventional fuels.3

The results presented here were all obtained using the Lock-
heed Three-Dimensional Euler Navier-Stokes Aerodynamic
Method (TEAM), the development of which was partially
funded by the United States Air Force. This computer pro-
gram is based on the FLO-57 algorithm developed by Jameson
et al.26 Lockheed has made major refinements to the method
over the past several years.27'29

In the TEAM code, the region surrounding a given configu-
ration is subdivided into small cells. In each of the cells, the
time-dependent Euler (or Navier-Stokes) equations (in integral
equation form), representing mass, momentum, and energy
conservation,

where

j \ \QdV= -

Q =

H

p h

Fig. 3 Three views of flat-bottom waverider with base (WR-2).

Fig. 4 Sample computational grid at plane of symmetry for WR-2.

are integrated in time using a multistage Runge-Kutta scheme.
The quantities represented by p, V, p, e, and h are density>
velocity, pressure, total energy, and total enthalpy, respec-
tively. Notice that density, momentum, and energy are all
calculated from the time-stepping process; pressure and en-
thalpy are required for the flux terms. For perfect gases, pres-
sure is normally calculated using a form of the energy equation
and then enthalpy is calculated from H = p/p + E. In simulat-
ing a real gas in equilibrium, one must calculate pressure,
enthalpyj specific heat ratio, and the speed of sound (required
for upwind schemes) properly; for example, by using the sub-
routines described in Ref. 30. For nonequilibrium chemistry,
one must add additional equations to the time-stepping proce-
dure that govern the species concentrations. Nonequilibrium
effects are not included in the TEAM code at this time.

To accelerate convergence to the steady state, local rather
than global time steps are used. This will produce valid steady-
state results when there is a steady-state solution. For unsteady
flows, one must use the code in a time-accurate mode, which
is quite expensive. Implicit residual smoothing31 further re-
duces the number of time steps required to reach the steady
state. Appropriate nonreflecting boundary conditions based
on Riemann invariants31 are used at the far-field boundaries
and no normal-flow conditions are used on the solid surface.
Upwind differencing based on a Riemann solver32'33 has also
been incorporated and can be used instead qf the standard
adaptive artificial dissipation. The upwind differencing in-
creases the robustness of the program, but does require more
computer time.

The finite-volume formulation essentially decouples the
flow solver from the grid generator. The grids can be con-
structed in any convenient manner; only the Cartesian coordi-
nates of the nodal points are required by the solver. The pre-
sent version of the solver can accommodate multiple, patched
zonal grids of arbitrary topologies. This is a necessity for
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analyzing realistic complete aircraft configurations. The origi-
nal FLO-57 solver was limited to isolated wings having C-H
grids, whereas the O-O and C-O types offer improved resolu-
tion. The letters C, H, and O refer to the way the grid looks in
the span wise and chordwise directions. A C-H grid wraps
around the airfoil section like a C, and has these two-dimen-
sional grids stacked up in the spanwise direction to form the
region around the wing. Thus, from the front, a C-H grid
looks like an array of Hs. If a C-H mesh is used, adequate
resolution near the wing tip can be obtained only by increasing
the number of cells in the spanwise direction. It must be noted
that none of these topologies is as suitable as the H-H when the

ANGLE OF ATTACK, ALPHA

Fig. 5 Experimental and predicted L /D for various angles of attack,
Mach = 4.

detailed flowfield is desired about all sections of a wing-body
or wing-body-tail configuration.

The finite volume grids used here were all of the C-H type.
Several different grids were used; a typical grid had
105x29x25 cells (76,125) in the chordwise, normal, and
spanwise directions, respectively. For the subsonic cases, the
far-field boundary was several vehicle lengths away from the
body surface; for supersonic flows, the far-field boundary was
much closer (although still in the freestream). Other than this,
no attempt was made to tailor the grid to the particular flow-
field. Similar grids were used at most Mach numbers, which
means they could not have been optimal for all Mach numbers.
Ideally, one would like to cluster cells near shocks, but shock-
wave location and strength changes with Mach number. There-
fore, a new grid would be required at each Mach number,
which would have been extremely time consuming. Some type
of adaptive grid scheme would have been useful, but is cur-
rently not available in the TEAM code. However, the grids
used were relatively dense and should yield reasonable results
for forces and moments at most Mach numbers.

Depending on which options are used, the TEAM code re-
quires about 0.00002 CPU s/cycle/cell on a Cray XMP-24.
For the results presented here, 400-3000 cycles were required
to reduce the residual error by three to four orders of magni-
tude. The convergence rate varied dramatically with Mach
number. At the very high Mach numbers, where the shocks are
very close to the body and not resolved well, the code con-
verged extremely rapidly. Likewise, for coarse meshes, the
code converged very rapidly. In principle, this should allow
preliminary investigations to be made of configurations very
quickly, with detailed examinations performed afterwards. In
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Fig. 6 Experimental and predicted L /D for various mach numbers,
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Fig. 8 Experimental and predicted pitching moment coefficients for
various Mach numbers, « = 0.
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Fig. 7 Experimental and predicted lift coefficients for various angles
of attack, Mach = 4.
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Fig. 9 Experimental and predicted axial force coefficients for vari-
ous angles of attack, Mach = 4.



JULY 1990 HYPERSONIC WAVERIDERS 643

ft * M * * * * * s * * *

S * 2 * 5 * * 5 * * * * M *

ii

»- *8
t
f

T ^B

** *H

*£-a

7.7««

7.18"

8.01»

e.«»
5.4««

4.8*

4.31=

3.74«

3.19=

2.5*

2.«1=

1.

s:

Fig. 10 Pressure distributions (p /POO) over WR-1 at Mach = 1.1,2,4, and 6, angle of attack = 0.
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some cases, the solutions were restarted from previous runs,
which did allow some savings in computer time.

Results
Two configurations were investigated here. The first one

(referred to here as WR-1) is the Rasmussen et al. elliptical-
cone waverider34 shown in Fig. 2. This configuration has 20
deg of anhedral and a leading-edge sweep of 65.53 deg. The
second configuration (WR-2) is a flat-bottomed version of
Rasmussen's waverider (Fig. 3). WR-2 was obtained by simply
cutting off the underside of WR-1. The section removed was
cut away by a plane perpendicular to the plane of symmetry
and at an angle of -11.95 deg to the freestream direction.
Whereas the wind-tunnel model of WR-1 had a 18.06 cm base
height, the base height of WR-2 would be 12.7 cm. The length
of both of them is 60.0 cm (excluding the fairing at the base).
Note that WR-2 should be called a pseudowaverider since the
shock will not be exactly attached to the leading edge.

The shape of WR-2 was chosen because it represents a devi-
ation from the standard conical flowfield. The flat underside
is desirable from a practical standpoint. Both landing gear and
inlets may be easier to incorporate into a flat surface. It was
also reasoned that the shock wave attached to the leading edge
may not be affected too much by relieving the pressure on the
very bottom and, thus, the flow may still be fairly well con-
tained. If this were true then the bottom portion of WR-1
might contribute more to the drag than to the lift. In addition,
WR-2 should have both lower friction drag and base drag
because it has a smaller wetted area and base area than WR-1.

In order to evaluate realistic vehicles, a fairing was added to
the aft end of WR-1 and WR-2. This is shown in Fig. 4, which
is a typical grid at the plane of symmetry. This fairing is
aligned with the freestream on the upper surface. The lower
surface consists of a flat (aligned with upper surface) portion
whose length is 10% of the local chord and then a cosine
shaped portion that is an additional 50% of the local chord.
Thus the total length of the fairing is 60% of the local chord.
However, in order to compare to Rasmussen's data directly,
the force and moment calculations presented later do not in-
clude the forces and moments on the fairing. Since, on an
actual configuration, the aft-end flow would be dominated by
jet exhaust entrainment and/or separated wake flow, the invis-
cid contributions were not added to the forebody forces and
moments. In the near future, viscous analyses will be per-
formed on these configurations by solving the Reynolds-aver-
aged Navier-Stokes equations, and the flow in the base region
will be of great interest.

WR-1 was designed for Mach 4 and 0-deg angle-of-attack,
where its L/D is a maximum. Experimental and predicted
values of L/D (at Mach 4) are shown in Fig. 5. The experimen-
tal results for WR-1 compare fairly well considering no viscous
effects are included, but this should not be a surprise since it
is a relatively thick body. The L/D for WR-2 is substantially
higher than WR-1, mainly because the parameter K**(2/3)/S
is smaller (see Fig. 3). Therefore, the flattening of the standard
Rasmussen waverider would be beneficial from a systems (in-
lets, landing gear, etc.) viewpoint, and the L/D is higher. The
L/D vs Mach number is shown in Fig. 6. The flattened wave-
rider has a higher L/D over the entire Mach number range.
Also plotted is Kuchemann's L/D limit of 4(M00 + 3)/M00.
The performance of both WR-1 and WR-2 is significantly
below this limit.

The lift coefficient (CL) vs angle of attack is shown in
Fig. 7 for Mach = 4. These results show good agreement be-
tween experiment and theory for WR-1. The behavior is virtu-
ally linear for both WR-1 and WR-2. Pitching moment (CM)
vs Mach number (including the one experimental data point
available) is shown in Fig. 8. Figure 9 shows the inviscid drag
or axial force (minus base drag). The experimental and pre-
dicted values compare well and WR-2 has less drag than WR-1.
Note that the reference lengths and areas used here are the
same as used in Ref. 31, i.e., L = 60 cm and A = 489.22 cm2.

Fig. 12 Pressure distribution for subsonic flow over WR-2 at
Mach = 0.6 and angle of attack = 20 deg.

Table 1 Forebody forces and moments, Moo = 15

Gas
Lift Drag Pitching

coefficient coefficient moment Lift/drag
Perfect
Real
% Difference

0.305
0.288
-5.6

0.077
0.072
-6.5

0.061
0.059
-3.3

3.96
4.00a

1.00
aat 40 km

The reference area used here is the base area of WR-1 (as in
Ref. 31) and is not the planform area (which is 1638.16 cm2).

For highly three-dimensional flowfields such as these, it is
instructive to use three-dimensional color graphics (repro-
duced here as contour plots) to interpret the results. Figures 10
and 11 show pressure distributions on front and bottom views
of WR-1 and WR-2, respectively, at Mach numbers of 1.1, 2,
4, and 6.0, respectively (a = 0). All pressures shown here are
nondimensionalized by the freestream pressure (p/px). For
both waveriders, at Mach = 2, 4, and 6, the flowfield appears
to be quite conical. In addition, the flat bottom waverider
(WR-2) shows a very uniform pressure distribution on the
underside, which would be desirable for modular inlet installa-
tion.

The wavy patterns near the edge of the flat underside are due
to minor waves in the surface definition. The numerical
method is very sensitive to geometry variations, and the grid
generation scheme used here (parabolic conformal mapping) is
not as effective on these highly swept planforms as one would
like. This could be corrected by specifying the body with more
points or by using a different type of grid generation scheme.
An H-O grid would allow better shock capturing because the
grid could more easily be aligned with the shocks. However,
the present type of grid is well suited to transonic and subsonic
flows.

At higher Mach numbers, one simply cannot use a perfect
gas model because it predicts pressures and temperatures that
are unrealistically high. The previously described code was
used to predict the flowfield around WR-2 at Mach = 15 and
a = 0 using a perfect gas model and a real gas model (40 km),
respectively. The surface pressures are lower than that pre-
dicted by the perfect gas relations, and this causes the forces
and moments to differ also (see Table 1). These effects are
small because of the slender nature of the body, especially the
small leading-edge radii.

For many applications, these waveriders will be required to
fly through all four speed regimes (subsonic, transonic, super-
sonic, and hypersonic); therefore, it is important to know the
behavior of these configurations over the entire range. The
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only subsonic flowfield that will be shown here is Fig. 12. As
mentioned, one can expect significant vortex flows from these
configurations at high angles of attack. Figure 12 shows the
pressure distribution on the upper surface of WR-1 at
Mach = 0.6 and a. - 20 deg. The low-pressure region can be
attributed to a leading-edge vortex. Vortices such as these
occur at supersonic speeds also and can lead to significant
aerothermal heating problems.

Conclusions
The preceding results for the waverider are very encouraging

because most design methods for hypersonic vehicles are inca-
pable of predicting waverider performance. This is especially
true for off-design performance where only a truly nonlinear
prediction method is adequate. Because waveriders are based
on favorable interference, methods such as the Hypersonic
Arbitrary Body Program24 cannot be used. For lower Reynolds
number, higher Mach numbers, or more slender vehicles, the
viscous effects will become more important and the inviscid
CFD methods must be replaced by Navier-Stokes and Boltz-
mann methods.
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