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COmputational Anainis of Off-Design Waveriders

X. He* and M. L Rasmussenf
University of Oklahoma, Norman, Oklahoma 73019

Comprehensive inviscid and viscous numerical simulations of hypersonic flow past nonconical rounded-nose
waveriders are presented. The flowfields and aerodynamic forces at off-design conditions are determined in-
viscidly by a space marching CFD code with the initial data plane provided by a time marching Navier-Stokes
CFD code. Off-design conditions include off-design Mach numbers, angles of attack, and rounded leading edges.
A wide range of waverider configurations is investigated and compared. On-design viscous flows past a waverider
with a sharp leading edge at M. = 4 and at different Reynoldé numbers and temperature boundary conditions
are obtained by a time marching Navier-Stokes solver. These calculations show the effects of viscous interactions,
which are influential near the leading edges, and determine the viscous drag. The inviscid calculations show
that L/D decreases as M, increases (with @ = 0). At the on-design Mach numbers, the maximum L/D may
occur at slight positive or negative «, depending on the shape of the waverider, and zero lift occurs at a negative
« approximately equal to half of the body thickness. The effects of slight leading-edge blunting produce only
local effects in the flowfield and small losses in L/D. The characters of the flowfields in the base plane are

illustrated.

: Introduction :

HE concept of waveriders as a means for designing aero-
dynamiic lifting-body configurations has been around for
some time. The first waveriders stemmed from the two-di-
mensional-flow caret configurations of Nonweiler! which
amounted to a type of delta wing. The natural extension of
this was to waveriders derived from axisymmetric cone flows,
first studied by Jones.? This was extended further to nonaxi-
symmetric cone flows by Rasmussen.? Of course, waveriders
can be derived from many different kinds of known supersonic
inviscid flowfields. The known high-pressure streamlines be-
hind a known oblique shock surface imbedded in a uniform
freestream flow are taken to form a compression undersurface
for some new body, and then the upper surface is usually
formed by a continuation of the freestream itself. The free-
stream surface, the new compression surface, and the oblique
shock surface all intersect along some curve that forms a sharp
leading edge for some newly constructed body. Because the
shock extends only underneath the body constructed in such
a way, the body is called a waverider. There are variations
on this scheme, but the waveriders so constructed are said to
be at the on-design conditions, and the flowfields and aero-
dynamic forces and moments are known for these conditions.
Since the aerodynamic properties of on-design waveriders
are known, they can be very useful for determining some
features of lifting bodies in general, especially with regards
to optimization. For the case of inviscid flows, pertinent stud-
ies were made by Cole and Zien* and Kim- et al.> by means
of the calculus of variations. When viscous effects were taken
into account by boundary-layer theory, Bowcutt et al.® de-
veloped a numerical scheme for obtaining viscous optimized
waveriders. These studies were concerned with maximizing
L/D subject to suitable constraints. In the design of hypersonic
vehicles, however, there may be numerous factors (or con-
straints) that influence a configuration and which thus mitigate
settling on any single optimized shape. Such factors may be
volumetric packaging, stability and control surfaces, air-
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breathing propulsion units, and landing and takeoff consid-
erations. Therefore, it may be that a broader view of the
factors that affect the shaping of a waverider may be of in-
terest; a study directed towards this end was made by Ras-
mussen and He.” )

When the shape of a waverider is fixed and the flow con-
ditions deviate from the specified on-design conditions, the
waverider is said to be at off-design conditions. This generally
occurs when the freestream flow is at a different Mach number
and/or when the waverider is misaligned with the freestream
flow. When the Mach number is sufficiently high, moreover,
it may be that the sharp leading edges should be rounded to
reduce the catastrophic effects of aerodynamic heating. When
the leading edges are rounded, or for that matter, when the
shape is altered, the altered waverider can also be said to be
at off-design conditions. Contrary to the case for on-design
conditions, the acrodynamic properties of waveriders at off-
design conditions cannot be obtained by any simple analysis,
and resort must be made to elaborate numerical computa-
tional methods. .

Some of the first computational analyses were directed to
a class of elliptic-cone derived waveriders for which both the
waverider and its inviscid flow were conical (but not axisym-
metric), and for which experimental results are available.®?
Potential-flow analyses were made by Jones and cowork-
ers.!®=12 Long!® used an Euler CFD code to consider the
elliptic-cone derived waverider as well as an altered variation.
Liao et al.'* utilized a Navier-Stokes code so that viscous
effects could be taken into account. Yoon' used an Euler
code to study several elliptic-cone derived waveriders under
a wide range of off-design conditions.

Computation analyses have also been made for waveriders
derived from axisymmetric conical flows. For these wave-
riders, the inviscid flowfields are conical, but the waverider
bodies themselves are not. The first calculations were made
by Jones and Dougherty!® using an Euler code and later by
Jones et al.’” using a Navier-Stokes code. These results were
directed toward validating two so-called viscous-optimized
waveriders designed by the Bowcutt-Anderson method and
for which experimental results were available.

For waveriders derived from axisymmetric conical flows, a
very large variety of shapes can be obtained, and a study of
the aerodynamics for a variety of these shapes at off-design
conditions is the subject of this article. Besides the lift and
drag as a function of angle of attack, the nature of the flowfield
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Fig. 1 Construction of a general cone-derived waverider.

is also of interest when the Mach number is both above and
below the design value and for both positive and negative
angles of attack. Waverider shapes for the design Mach num-
bers of 4 and 8 are considered, and the effects of rounding
of the leading edge for the M. = 8 waveriders are investi-
gated. Most of the calculations are performed with an Euler
code, but a few calculations are performed with a Navier-
Stokes code to ascertain the effects of viscous interactions.
The investigation is meant to be comprehensive and to es-
tablish some of the main features of waverider aerodynamics.

Formulation

Consider steady inviscid supersonic flow of a perfect gas
past a circular cone at zero incidence with the freestream and
at Mach number M... The coordinate system and nomencla-
ture are shown in Fig. 1. The waverider and its on-design
flowfield are to be described by means of hypersonic small
disturbance theory (HSDT) following the methodology of
Rasmussen and He.” The shock angle 8 is related to the basic-
cone angle & by means of the relation

1/2
B v+ 1 1
=— = — 1
g=75" [ > +K§ (1)

where K; = M..8 is the hypersonic similarity parameter. In
spherical polar coordinates (r, 8, ¢), the freestream surface
is described by

r = (B/o)r(¢) @

where r = r,(¢) is the leading-edge line drawn on the conical
shock & = B. The compression surface in the shock layer is
described by

ﬂ2_62
02_62

r=ry(¢) €)

The freestream surface and the compression surface can thus
be determined when r,(¢) is known.

There are various equivalent ways in which the function
r,(¢) can be specified. One way is by the direct specification
of a line along the shock surface. Another might be the spec-
ification of the projected planform surface. The method uti-
lized here is the specification of the trailing-edge of the free-
stream surface in the base plane. This is done by setting 6§ =
8.,(¢) when r = [ in Eq. (2), where [ is the length of the
basic cone:

0.,(¢) = Blr($)] (4a)

OFF-DESIGN WAVERIDERS

The ratio R,, = 0.,/8 is now introduced as the normalized
radial distance from the basic-cone axis to a point on the
freestream surface, i.e.

R.y(¢) = alr()] (4b)

as shown in Fig. 1. Thus R., = 1 at the surface of the basic
cone, and R,, = o at the shock where ¢ = ¢,

Although R, (¢) could be specified by cylindrical coordi-
nates, it is convenient alternatively to work in rectangular
Cartesian coordinates in the base plane. To this end, the
normalized coordinates X = x/(/8) and Y = y/(I8) are intro-
duced, such that

X = R, cos(¢)

Y =R, sin(¢) 5)
R., = (Xz + Y2)1/2

The freestream surface, trailing-edge curve can be estab-
lished by specifying X as a function of Y. The class of shapes
generated by the even quartic polynomial

X = R, + AY? + BY* (6)

are considered here, where R, A, and B are constants that
remain to be specified. By means of this method, R., is spec-
ified as a function of Y instead of ¢, and correspondingly from
Eq. (4b), so is the function r,. The constants R,, A, and B
cannot all be specified independently. At the intersection of
the freestream and compression surfaces on the shock, we
must have R., = gat ¢ = ¢, such that X = X_= o cos ¢,
and Y = Y, = o sin ¢,. Thus, from Eq. (6), only two of the
constants Ry, A, and B can be specified independently.

The parameter R, can be interpreted geometrically as the
distance down to the freestream surface from the basic-cone
axis, measured in the plane of symmetry, i.e., when ¢ = 0
(Fig. 1). It can also be used to determine the length /,, of the
waverider, i.e.

(/1) =1 - (Rolo) )

It is useful to determine the remaining parameters in terms
of the slope m., of the freestream surface trailing edge at the
shock

dXx
m, =tan Q, = < ) = 2AY, + 4BY? 8

av),

Thus, A and B can be evaluated in terms of X, Y, R,, and
m,

4X, — R) — m.Y,
4= 2Y2
“ 9
B - —2(X, — R)) + m.Y,
h 2Y4

Illustrative Waverider Shapes

To show how different configurations behave under off-
design conditions, five different shapes having an on-design
Mach number of M, = 4 are selected. They are labeled C1
to C5, and their base-plane shapes are shown in Fig. 2. They
are scaled to have the same length /,.. A perspective view for
CS5 is shown in Fig. 3. The geometric and aerodynamic prop-
erties are calculated by HSDT? and are listed in Table 1. The
forebody viscous drag is determined according to a laminar
boundary layer with a freestream Reynolds number, based
on the waverider length, of 7.7 x 107. The base drag is ar-
bitrarily set to zero, i.e., p, = p.. The angle between the
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Table 1 Properties of illustrative waveriders

Configurations C1 C2 C3 C4 C5 Co C7 C8
M, 4 4 4 4 4 8 8 8
8 8 10 10 15 10 10 10 10
Ry/X, 0.35 0.7 0.6 0.5 0.4 0.44 0.4 0.7

. 28.6 deg 0 —16.7 deg 0 142 deg 30.0deg 21.8deg 21.8deg
&, 50 deg 50 deg 70 deg 50 deg 50 deg 27.2deg 50 deg 50 deg
A, 32 deg 10.5 deg 10.4 deg  17.9 deg 9.1deg 243deg 20.1deg 20.1deg
bil,, 0.579 0.877 0.744 0.859 0.649 0.344 0.471 0.636
AWA 2.177 2.039 2.050 2.108 2.287 2.494 2.143 2.047
Vs, 0.132 0.145 0.163 0.222 0.161 0.239 0.223 0.199
Re,, x 10-7 7.7 7.7 7.7 7.7 7.7 15.4 15.4 15.4
C, x 10 0.506 0.712 0.759 1.566 0.745 0.668 0.679 0.663
C, x 103 0.210 0.215 0.221 0.245 0.225 0.137 0.196 0.192
C, X 10? 0.443 0.809 0.971 3.189 0.854 0.955 1.058 1.019
L/D 11.43 8.804 7.821 4.912 8.716 6.997 6.415 6.512
(L/D)inviscia 12.75 9.308 8.204 4.993 9.276 7.255 6.680 6.773

C,; = Average skin-friction coefficient.’

C3 c7
c4 c8

Fig. 2 Base-plane views of illustrative waveriders.

Fig. 3 Perspective views of configuration C5.

freestream and compression surfaces where they intersect in
the base plane is denoted by A,, and the ratio of base width
to length is denoted by b/l,,. The volume, projected planform
area, and forebody wetted-surface area are denoted by V, §,,,
and §,,. The lift and drag coefficients are based on S,. The
waveriders denoted by C1 to C4 are based on Eq. (6), but
the configuration C5 is based on an even sixth-order poly-
nomial that produces a reflexed trailing edge.”-'#

Three different shapes—C6 through C8—with an on-de-
sign Mach number of M,, = 8 have also been selected, based
on Eq. (6). Their on-design characteristics are also listed in
Table 1, and the base-plane shapes are shown in Fig. 2. The
leading-edge tips of waverider C6 will be rounded by means
of a smooth curve produced by a third-order continuous
B-spline. The modified configuration has a smaller span than

Fig. 4 Base-plane views of configuration C6 with and without round-
ing at the leading edge.

the on-design configurations. In this study, two cases of dif-
ferent rounding are used. The waveriders with sharp leading
edges are first rounded to 98% of the span. To keep the
curvature of rounding nearly a constant along the leading
edge, the modified shape has a span of 98% of the original
span in the base plane and about 94% near the nose. The
second rounding procedure has a more blunt edge, which
measures 96% of span in the base plane and about 92% near
the nose. Figure 4 shows the base-plane view of C6. The dark
line describes the on-design configuration and the light line
describes the different amount of rounding.

Numerics

For a comprehensive investigation of off-design perfor-
mances, considerable CPU time is required if an unsteady
time marching code is used. The computational dimension,
however, can be reduced by one if a space marching scheme
is adopted to calculate the steady-state solution. The difficulty
involved in adopting a space marching scheme for a noncon-
ical waverider is that it requires an initial data plane to start
the calculation. This initial data plane does not exist at off-
design conditions. An unsteady time marching code CFL3D
developed by Thomas and Walters!® is therefore used to cal-
culate the inviscid flowfield (by turning off the viscous terms)
for the first 1% of the upstream body. The data calculated at
the 1% cross section can therefore be used as the initial data
plane, and a steady-state space marching code STARS3D
developed by Lawrence et al.?° is then used similarly for the
calculation of the inviscid flowfield around the rest of the
body. The use of a space marching scheme greatly reduces
the CPU time and makes it possible to carry out the inves-
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Fig. 5 Inviscid computational grid for a Mach 4 waverider.

tigation on SPARC workstations. The viscous calculations by
the space marching codg, however, were not successful since
a large pressure gradient caused eigenvalues to go negative
and resuited in divergence. They were performed on an IBM
3090 supercomputer using the time marching CFL3D code.

The time marching code uses an implicit, finite-volume,
upwind algorithm, and the governing equations are solved in
conservation law form under a generalized coordinate trans-
formation. Second-order central differencing is used for the
viscous fluxes, and the thin-layer approximation is made for
each direction. The approximate Riemann’s solver of Roe?!
is used for the numerical inviscid fluxes with a third-order
discretization. The spatially split approximate factorization
method is used for time integration. The convective and pres-
sure terms in each of the spatial factors are treated with first-
order accurate upwind differences. The algorithm used in the
space marching code is also based on Roe’s scheme, but is
modified in order to make it suitable for application to space
marching calculations. It is implicit, uses finite volumes, and
is second-order accurate in the crossflow directions.

The technique used for grid generation was developed by
Thompson.?? Control of the spacing of the grid lines on the
body, symmetry plane, and freestream boundary was accom-
plished artificially by means of a stretching function.'® The
grid lines inside the region were spaced according to the source
terms during convergence, and the grid points on the sym-
metry plane need to be redistributed accordingly. The redis-
tribution of the grid points on the symmetry plane is updated
every iteration by the intersection of the inner grid lines and
the symmetry plane. The freestream boundary is given by an
adjustable ellipse. The distribution of grid points on the wave-
rider wall is controlled in such a way that the change of the
size of the two adjacent grid spaces relative to the adjacent
grid spacing is less than 30%.

The result of a typical grid generation is shown in Fig. 5.
For the space marching calculations, the grid generated in a
previous step is adjusted by the boundary movement and then
used as initial values for the next step. A successive over-
relaxation technique is used to accelerate the convergence
with a calculated optimum acceleration parameter. The grid
for the inviscid calculations with the space marching scheme
is 61 X 41. The grid for the viscous calculations with the time
marching scheme is 61 x 49 X 62. The grid for a wave-
rider with a rounded edge is 67 X 41. Increasing the grid to
71 x 51 for an inviscid calculation involves considerable more
computing effort, but without noticeable improvement in
accuracy.

Viscous Results

Only a few laminar flow Navier-Stokes calculations are dis-
cussed here so that the ensuing inviscid results can be inter-

10 . . :
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. o CFL3D adiabatic wall
6 - s s CFL3D cold wall J
a HSDT
5 L i f
0 5 10 15
Re, x10°

Fig. 6 L/D for Euler and Navier-Stokes calculations.

preted accordingly. Among the eight sample waveriders, C2
is chosen for the viscous computation since its aerodynamic
and geometric features are moderate. At the on-design con-
dition, the shock wave detaches from the leading edge owing
to the boundary-layer displacement effects. Near the leading
edges, viscous-interaction effects are of concern (as well as
heat transfer which is not discussed here). To limit the use of
the time-consuming unsteady scheme, the Navier-Stokes cal-
culations are done only at the on-design condition. The Rey-
nolds number is varied and different temperature boundary
conditions are imposed to study the effects of viscous inter-
action. The Reynolds number is chosen to be 10°, 5 X 10°,
and 1.5 x 107. These Reynolds number changes can be viewed
as being caused by a change in flight altitude and/or a change
in body length. An adiabatic wall and a moderately cold wall
of T,/T, = 2 are used as temperature boundary conditions.

Figure 6 shows L/D at the on-design Mach number 4 and
zero angle of attack for different Reynolds numbers and tem-
perature boundary conditions. The L/D calculated by CFL.3D
is little lower than that for HSDT. The possible reasons for
the discrepancy may include 1) the linear power law for the
viscosity-temperature relation for HSDT tends to make C,,
too big; 2) the higher pressure on the freestream surface due
to viscous interaction tends to make C, smaller for the Navier-
Stokes results; and 3) the assumption of local flat-plate friction
for both freestream and compression surfaces in HSDT in-
troduces error. Reason 1 causes L/D for HSDT to be lower
than it should, and reason 2 causes L/D for the Navier-Stokes
calculations to be lower. Apparently, reasons 2 and 3 prevail,
and L/D for the numerical calculations is somewhat smaller
than that of HSDT. The L/D with a cold wall is slightly higher
than with an adiabatic wall. At a lower temperature, the
viscosity is smaller and so are the viscous effects.

The pressure profiles for configuration C2 for Re,, = 10°
and adiabatic walls are shown in Fig. 7 for the base plane.
The viscous effects tend to make the shock stand off a little,
and a compression disturbance occurs on the upper surface.-
The pressure distribution at the wall in the base plane is shown
in Fig. 8. The solid line indicates the Euler solution. For the
viscous results, a marked increase in pressure occurs at the
leading edge on both the compression side and the freestream
side. The maximum value for this jump increases as Re,,
decreases. Immediately downstream of the leading edge, the
flow rapidly expands and then compresses to a pressure slightly
higher than the inviscid value. As Re,, decreases, the pressure
increases considerably near the edge, and less so for the rest
of the freestream surface. The increase in pressure at the edge
on both sides of the waverider arises because of viscous
interaction.

Figure 9 shows the pressure distributions in the stream di-
rection very near the symmetry plane on the freestream sur-
face. Without any viscous effects, the normalized pressure on
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Fig. 7 Pressure contours for an adiabatic wall and Re,, = 10°.
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Fig. 8 Comparison of Euler and CFL3D results for surface pressure
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Fig.9 Pressure in z direction in the symmetry plane on the freestream
surface.

the upper surface is unity. With viscous interaction, the pres-
sure ratio p/p.. is higher near the leading edge and close to
unity for the rest of the body. The pressure for an adiabatic
wall is higher than that for a cold wall since stronger viscous
effects occur at a higher temperature. For the compression
surface'® the pressure is higher at the leading edge owing to
viscous interaction. It decreases rapidly to adjust itself to the
inviscid results which increase slowly along the conical-flow
streamline. The higher pressure during the first 20% of the
forebody is due to viscous interaction. The viscous resuits
obtained for the cold-wali temperature boundary condition
are closer to the Euler results. Further calculations, including
temperature distributions, can be found in Ref. 18.

Inviscid Results for M., = 4

The inviscid results are calculated by the space marching
scheme starting from an initial data plane slightly downstream
of the nose leading edge. The initial data plane was provided
by the time marching scheme, and for the on-design conditions
also by the HSDT solution. For the on-design conditions, a
comparison of the results obtained by the two means for ob-
taining the initial data plane provided a measure of the validity
of the inviscid Euler calculations. The small deviations from
the two types of initial data planes vanished as the numerical
scheme marched to the base plane, where the two results
ended in very good agreement.® It was found, however, that
the shock was slightly detached from the leading edge at
M. = 4 and o = 0, which was the on-design condition. As
was determined by Yoon,'s this occurs because, besides the
numerical error, the body shape is also slightly in error be-
cause it was based on the HSDT approximation. When M,
was increased to 4.2, the shock became attached to the leading
edge, and the disturbance on the upper freestream surface
disappeared. The on-design Mach number was thus regarded
as M, = 4.2.

Figure 10 shows configuration C2 at the inviscid on-design
condition M., = 4.2 and a = 0, which is to be compared with
the corresponding viscous result shown in Fig. 7. The flow in
the shock layer is very uniform and conical. Corresponding
results are found also for all the other configurations at the
on-design conditions.

Pw

a 1.02
b 1.60
¢ 170
d 1.80

Fig. 10 Pressure contours in the base plane at Mach 4.2 and « = 0
for C2.
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Fig. 11a Pressure contours in the base plane at Mach 4.2 and a =
5 deg for C1.

Po

a 040
b 0.76
c 0.92
d 0.96
e 0.99
f 1.03
g 1.06
h 1.09
i127
j 131
k 1.35
1 143
m1.51

Ci

My =42
a=-5

Fig. 11b Pressure contours in the base plane at Mach 4.2 and @ =
-5 deg for C1.

Figures 11a and 11b show the pressure contours in the base
plane for configuration C1 at M,, = 4.2 and @ = 5 and -5
deg. This configuration represents the extreme with its very
thin winglets. At the on-design condition, the shock is at-
tached and the flow in the shock layer is simple and conical
and very analogous to that for configuration C2 shown in Fig.
9. For a = 5 deg (Fig. 10a), the shock is detached and there
are expansion disturbances above the freestream surface. At
a = —5 deg (Fig. 10b), the shock is detached and lies above
the freestream surface; the flow expands.about the leading

P

a 1.03
b 1.55
c 2.38
d 2.78

Me=6

a=0°

Fig. 12 Pressure contours in the base plane at Mach 6 and & = 0
for C3.

edge and then recompresses on the lower surface. The lift has
nearly decreased to zero at « = —5 deg.

Figure 12 shows the pressure contours in the base plane for
configuration C3 at @ = 0, and the upper off-design Mach
number M, = 6. For this case the shock is attached and the
flow disturbances confined to the shock layer underneath the
body. Near the center plane of the body the flow is nearly
conical, but outboard near the winglets a lambda-type shock
appears to have formed. Similar results are obtained also for
configurations C4 and C5.'* This type of behavior for Mach
numbers above the design Mach number was also discovered
by Yoon' for elliptic cone waveriders.

Figures 13a and 13b pertain to two off-design conditions
for configuration CS5 which represents those type of config-
urations with reflexed trailing edges. Figure 13a shows pres-
sure contours in the base plane for M,, = 42 and a« = -5
deg. The main bow shock is detached and lies above the upper
freestream surface. The flow continues to compress towards
the upper surface and coalesces into a strong shock above the
leading-edge tip. The flow expands around the tip, where it
shows a pronounced vortical behavior and then compresses
along the surface toward the symmetry plane. At @ = 0 and
the lower off-design Mach number M. = 3 shown in Fig.
13b, the shock is detached but lies mostly underneath the
body. There is an expansion of the flow around the tip towards
the upper side. Note that viscous effects also cause the shock
to detach, but for the viscous case compression disturbances
develop on the upper surface near the leading edge.

The inviscid lift-to-drag ratio for these configurations is
shown as a function of M., (with « = 0) in Fig. 14. The values
for M., = 2, 3, 4, 6, and 8 were obtained numerically and
then the curves produced by a spline fit. For an idealized
waverider,*” L/D is approximately inversely proportional to
6 when K, = M_§ is large. This is approximately true also for
the waveriders studied here. The curves show the same off-
design trends for all the waveriders. Both C, and C,, decrease
as M., increases,'® and so does their ratio, as shown in Fig.
14. The very thin extended winglets for configuration C1 pro-
duce a stronger variation of L/D with M_,. Configurations C2
and C5 both were developed for M., = 4, § = 10 deg, and
¢, = 50 deg, and have nearly the same value of L/D at the
on-design condition, but the dramatic reflexed trailing edge
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Fig. 13a Pressure contours in the base plane at Mach 4.2 and a =
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Fig. 13b Pressure contours in the base plane at Mach 3 and a« = 0
for C5.

on C5 produces a stronger variation at the off-design Mach
numbers.

Figure 15 shows the variation of L/D with « (for M, =
4.2) for these configurations. For configurations C1, C2, and
C3, the maximum L/D occurs at slight positive angle of attack,
whereas the maximum L/D for configurations C4 and CS5
occurs at a slight negative angle of attack. For all these con-
figurations, C, goes to zero at a = a,,, for which we have
approximately a,, = —28/5,'® but increases almost linearly
for values of a greater than the zero lift value. Correspond-
ingly, the drag coefficient C, is a minimum at zero lift and
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Fig. 14 L/D at off-design Mach numbers for Mach 4 waveriders.
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Fig. 16 L/D at off-design Mach numbers for Mach 8 waveriders.

increases nearly quadratically with (@ — a,, )?. As a condition
of reference, it can be shown that L/D for a wedge is a max-
imum when «, measured relative to the upper surface, is
slightly negative, i.e., when the upper surface is also a
compression surface. As Fig. 15 shows, this is not true in
general for arbitrary cone-derived waveriders.

Inviscid Results for M., = 8

When the freestream Mach number becomes significantly
larger than M, = 4, at least two different kinds of effects
become increasingly important. One is viscous-interaction ef-
fects and the other is heat transfer, especially near sharp
leading edges. Some of the implications of viscous interaction
have already been shown at M, = 4. Here we will fasten our
attention on the effects of rounding the sharp leading edges,



352 HE AND RASMUSSEN: OFF-DESIGN WAVERIDERS

Qi

Fig. 17 L/D at angles of attack for Mach 8 waveriders.
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Fig. 18 Pressure contours at Mach 8.3 for C9 with span rounded to
96%.
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Fig. 19 Comparison of L/D for different rounding.

which is a means for reducing the large heat-transfer rates
that occur there. For this purpose, we choose the waverider
configurations labeled C6, C7, and C8 having the on-design
Mach number M., = 8. The configuration C6 has a trailing-
edge tip thickness A, that is a maximum for M, = 8 and §
= 10 deg, and it has a relatively large volume.'** Configu-
rations C7 and C8 are other relatively nonslender waveriders
with somewhat different winglet shapes, having ¢, = 50 deg
instead of 27 deg for C6. Figure 16 shows the inviscid L/D vs
M, for & = 0 for the lower off-design Mach numbers. The
trends are similar, but configuration C6 has the overall larger
L/D. Figure 17 shows L/D vs a for the on-design Mach number
M, = 8.3. The maximum L/D occurs at negative angles of
attack, the more so for C6.

Figure 18 shows the pressure contours in the base plane
with M, = 83 and @ = 0 for configuration C6 with 96%
rounding. For the sharp edge,'® the disturbances are conical
and are confined to the shock layer underneath the waverider.
For the rounded edge, the shock stands off from the leading
edge somewhat, and there are compression disturbances gen-
erated on the upper surface, the more so for greater rounding.
The disturbances generated by the rounding are localized near
the leading edge, and the inviscid flowfield around the re-
mainder of the waverider is essentially unchanged.

Figure 19 shows L/D vs M., for configuration C6 at &« = 0
for the different amounts of leading-edge rounding. For the
greater rounding the loss in L/D is about 3% near the on-
design Mach number M, = 8.3, but it is less at the lower off-
design Mach numbers since the shock tends to stand off from
the leading edge there anyway. These results are typical for
the other waveriders C7 and C8 also.

Conclusions

The off-design performance of a range of waverider shapes,
on-design for M., = 4 and M., = 8, has been investigated by
a space marching Euler code. For one of the configurations
(C2), viscous results were obtained for M, = 4 and a = 0
by means of a time marching CFL3D code. Representative
results are shown here, but further extensive calculations can
be found in Ref. 18. Some of the pertinent observations are
as follows:

1) For Mach numbers below the on-design values and at
a = 0, the leading-edge shock detaches and the inviscid
L/D increases. For Mach numbers above the on-design values,
the shock remains attached and the flow disturbances are
confined to the shock layer beneath the waverider. Further-
more, L/D decreases, and a lambda-shock pattern tends to
develop near the leading-edge region where extended winglets
blend into the main body of the waverider.

2) When « is varied at the on-design Mach numbers, the
maximum inviscid L/D occurs near ¢ = 0, but sometimes
above and sometimes below depending on the configuration.
Zero-lift and minimum wave drag occur approximately at
a = —ké/2, where k is a shape factor slightly less than unity.
At large negative angles of attack, the shock is detached, and
vortical regions appear near the leading edges on the under-
sides of the waveriders; this is especially pronounced for the
waveriders with reflexed trailing edges.

3) The rounding of the leading edges produced disturbances
that were localized near the leading edges. The value of L/D
decreased slightly and was more pronounced near the on-
design conditions.

4) At M., = 4, the viscous interactions occurred near the
leading edges, causing an effective standoff of the shock. The
pressure increased near the leading edges on both the upper
and lower surfaces, and was greater for the smaller Reynolds
numbers. The results substantiated an HSDT analysis that
incorporated laminar boundary-layer effects. Whereas the ef-
fects of viscous interaction were relatively small at M,. = 4,
they can be expected to be substantially greater at larger Mach
numbers, and such effects would be worthy of further study.
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5) The results of the CFD calculations show the trends that
can be expected for a wide range of waverider configurations
at off-design conditions. They are consistent with the exper-
imental results of Ref. 8. They also allow pictures of the
flowfields to be portrayed that lend themselves to understand-
ing the nature of the flowfields at the off-design conditions.
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