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Navier-Stokes Simulation for Cone-Derived Waverider
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The three-dimensional, laminar flowfield associated with conical waveriders, whose cross-plane lower surface
is derived from an ellipse, has been analyzed in the present study by numerical simulation of the Navier-Stokes
equations. The numerical method uses the flux difference splitting algorithm. Both Euler and viscous solutions
have been obtained. Results of zero angle-of-attack and 5-deg angle-of-attack cases, respectively, are presented.
The analysis to date has dealt with the forebody only. Surface pressure coefficients are compared with
experimental data. Skin friction coefficients are calculated and lift and drag values are estimated. The skin
friction, lift, and drag values are compared with previous analytic estimates and they are found to be in
reasonably good agreement. The study provides valuable preliminary insight into the feasibility of using
waverider configurations for aircraft design.

I. Introduction

W AVERIDERS, one application of classical gas dynam-
ics, come from early re-entry vehicle design. In recent

years, investigators have shown renewed interest in them with
increased focus on the National Aerospace Plane project,
which requires blended design with wing-body-tail-inlet-en-
gine integration. Mass capture and optimum effective specific
impulse are other important requirements.

Any supersonic manned vehicle or guided missile that is
maneuverable and has the requirement of cruise range has a
propulsion system that provides thrust. If the amount of aero-
dynamic lift in level flight is sufficient to overcome the gravi-
tational force, then the thrust of the propulsion system is
necessary only to overcome the drag. Therefore, the engineer's
desire is for such vehicles to have high lift and low drag and
reasonable structural efficiency, and to provide useful internal
storage space. A class of high lift vehicles, resulting from the
lifting pressure of the entire lower surface at relatively higher
values than that of the top surface,1'2 called waveriders, has
been studied since the 1950s. In order to speed up the design
process, approximate solutions rather than exact solutions
have often been used. Maikapar3 was one of the first who
employed an approximate flowfield about circular cones at
zero angle of attack to generate waverider shapes. He obtained
a simple formula for the streamline through any given point in
the flowfield about a cone, which could allow one to quickly
construct bodies from intersecting conical flowfields. Many
other approximate treatments of conical flows (see Refs. 4-6)
have been developed. Any of these, or other approximate
methods, can be exploited to determine the flowfields from
which waverider configurations can be developed. The most
advanced of these procedures is the perturbation analysis de-
scribed by Jischke.4 This procedure is based on a flow pertur-
bation about either a circular cone or an elliptic cone devel-
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oped by Doty and Rasmussen.5 The general cross-sectional
shape of a cone is represented by a Fourier series defining
perturbations from the basic shape. The nonlinear equations
of motion are perturbed from the circular (elliptic) cone case
in a similar manner, resulting in approximate expressions for
the flowfield when higher-order terms are neglected. The de-
tailed procedure is described in Ref. 6 and summarized in Ref.
4. Performance predictions for waveriders based on these
approximations, indicating the general effects of the geometri-
cal and flight parameters, were given by Rasmussen6 and
Jischke.4 Measurements of force, moment, and surface pres-
sure conducted by Rasmussen et al.7 and Jischke et al.8 do not
show very good quantitative agreement at the large eccentric-
ity and inclination angle, but qualitative trends are correctly
predicted.

Kirn9 investigated the lift and drag relations for an arbitrary
conical waverider shape. This elegant approach, which does
not invoke any hypersonic assumptions, shows that the lift
and drag depend only on the flow in the shock layer base
plane. Kim, Rasmussen, and Juschke10 provided some inter-
esting insight into the underlying principles. They suggest the
application of the calculus of variations to determine optimum
shapes subject to constraints on volume, lift, or other parame-
ters.

A significant aspect of waverider design is the use of the
attached shock at the nose. A blunt-nosed vehicle has a bow
shock wave whose strength decays rapidly with downstream
distance. The shock is detached and, at an angle of attack, a
diverging crossflow is unavoidable. Alternatively, the wave-
rider configuration allows for an attached shock wave that can
prevent crossflow.

The aerodynamic characteristics and performance of wave-
riders can often be predicted quite well by inviscid analysis,
especially in the case of inversely designed waveriders, which
are derived by fitting known inviscid flowfields. Inviscid anal-
ysis can be divided into two groups: 1) purely analytical treat-
ments that yield closed-form solutions to flowfield parameters
such as pressure distribution and lift, and 2) the very recent
numerical simulation of the inviscid full potential11 or Eu-
jeri2-i4 equations. These approaches are useful in their own
right; however, the ultimate selection of desirable configura-
tions is significantly influenced by viscous effects, the most
obvious being friction drag and aerodynamic heating. As indi-
cated previously,10 configurations optimized by inviscid analy-
sis are likely to have very large surface areas and, hence, large
wetted areas. Viscosity also results in boundary-layer growth
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that displaces the flowfield from the physical boundaries of
the vehicle. This displacement effect does have some influence
on the performance of waveriders, especially at high altitude
(i.e., low Reynolds number). When the boundary-layer dis-
placement is large, the shock wave geometry differs from its
design condition, and, as a result, the pressure distributions
are also perturbed. In principle, it is sometimes possible to
compensate for boundary-layer displacement in waverider de-
sign. Therefore, it is necessary to know these effects accurately
by solving the whole set of viscous flow equations directly.

Moreover, during vehicle maneuvering, certain viscous flow
complications, such as shock-boundary-layer interactions,
leading-edge flows, wake flows, and other flows that involve
strong viscous-inviscid interactions resulting in large separated
flow regions, might occur. Obviously, it is not possible to
obtain accurate information on the flowfield using the simpli-
fied inviscid flow equations. An attempt to include viscous
effects by coupling of viscous drag effects with inviscid analyt-
ical methods along with configuration optimization has been
made by Bowcutt et al.15 However, solution of the complete
set of Navier-Stokes equations will shed much more light on
the complex phenomena associated with the waverider flow-
field. In recognition of the fact that, to the best of our knowl-
edge, the studies conducted so far on waveriders by the vari-
ous investigators have not attempted simulation of the
Navier-Stokes equations, the present work for the detailed
analysis by means of the cited numerical algorithms will yield
important information to the designer regarding forces, aero-
dynamic heating, propulsion integration, and stability of the
aircraft. The present study has been conceived with the pur-
pose of gaining a detailed understanding of waverider charac-
teristics by considering the viscous effects in more depth than
was attempted before.15 The numerical simulation of the full
Navier-Stokes equations was the logical tool that we chose for
this purpose.

II. Governing Equations and Numerical Algorithm
The equations to be satisfied in the physical field are the

continuity, momentum, and energy equations as given by Eqs.
(1-3). The dependent variables are density p, velocity compo-
nents u,v,w, and total energy per unit volume Et.

Continuity equation:

An additional equation for compressible flow is required; this
is called an equation of state (6):

dp
dt ~

Momentum equation:

ot

Energy equation:

(pdu -

(1)

(2)

(3)

A calorically perfect fluid with constant specific heat was
assumed. Fourier's law of heat conduction was used to de-
scribe the heat transfer rate in the fluid. The total energy is
defined in Eq. (4), where e denotes the specific internal energy:

Et=p(e + V2\V\2) (4)

The viscous stresses r// are given in Eq. (5), where the
viscosity /x is described by Sutherland's law as a function of
temperature:

duk--dxk

p = (y - \)pe (6)

These equations are essentially of a convective nature and,
hence, directionally biased. Therefore, the physical properties
of the convective terms and the pressure terms were intro-
duced in the discretization process employed in the present
method to obtain higher resolution and favorable stability.
The solution was achieved using the implicit, finite-volume,
upwind algorithm described in Refs. 16-20. The Navier-
Stokes equations are solved in conservation law form under
the generalized coordinate transformation, x* = [£,17,^]' with
respect to #/ = [x,y,z]'. The equations can be rewritten in
integral form for a bounded finite volume 0 with its corre-
sponding cell surface boundary dQ,

[f(n) - v(n)] ds = 0 (7)

Here, Q is the vector of conserved variables for mass, momen-
tum, and energy. The vectors/and v are the directed inviscid
and viscous fluxes, respectively, with respect to the outward
cell surface normal n. The approximate Riemann's solver of
Roe,21'22 is used for the numerical representation of the invis-
cid fluxes. The state variables are obtained by using MUSCL
(monotone upstream-centered schemes for conservation laws)
interpolation of the primitive variables q = [p,w,v,w,/?]'. Sec-
ond-order central differencing is used for viscous fluxes, and
the thin-layer approximation is made for each direction.

The no-slip and impermeable wall boundary conditions,
zero normal pressure gradient at the wall, and the adiabatic
wall boundary conditions were imposed in the present calcula-
tions. First-order extrapolation of the primitive variables were
used along the downstream boundary. The outer boundary
conditions were specified as either the freestream flow prop-
erty or the locally one-dimensional inflow/outflow character-
istic solutions. The initial flow conditions were specified as
uniform freestream flow.

III. Grid Generation
The geometric configuration analyzed by numerical calcula-

tion was one of those tested by Rasmussen et al.7 and Jischke
et al.,8 as shown in Fig. 1. Because of its geometric simplicity
and favorable aerodynamic characteristics, it is selected for
the present study.

Algebraic systems, in which the coordinates are determined
by interpolation (using functions), and partial differential
equations, were used in this study to generate the grid de-
scribed in the following by taking advantage of the specific
geometry and flowfield. Using GRAPE2D,23 the coordinates
in the last JK plane (Fig. 2) are generated by solving the

model dimensions, m

1 L
| 23.62

W
21.50

T
7.11

A,, m«
75.83 |

(5)
- SHOCK

Fig. 1 Elliptic-cone waverider configuration.



LIAO ET AL.: CONE-DERIVED WAVERIDER 1523

Fig. 2 Grid topology.

two-dimensional Poisson's equation. In the present study, the
smallest distance of the first grid away from the body surface
in the normal direction was chosen to have a constant value
for the last JK plane everywhere around the circumference,
and it varied in the range 0.00254-0.00127 cm (0.001-0.0005
in.). The outer boundary reaches up to 50.8-63.5 cm (20-25
in.) away from the surface. The remaining JK planes, then,
can be generated by translating this two-dimensional grid at
finite intervals with perspective projection up to the nose. The
entire grid topology is shown in Fig. 2, where / is the stream-
wise direction, J the circumferential direction, and # the nor-
mal direction, with 41 x 74 x 51 grid points in total.

IV. Results and Discussion
A. Original Experiments

The model, shown in Fig. 1, was derived from the flow past
an elliptic cone at zero angle of attack and is referred to as the
elliptic-cone waverider. The shape of the curved surface,
which is a conical streamsurface for the elliptic-cone flow, is
given approximately by

- = 1 - 0.1 cos 2</> + (0.39 + 0.1 cos 2</>)
5

tan(7T-</>)]7-69

2.75 (8)

where <5 is the semivertex angle of the basic cone, 6 the polar
angle (measured from the X axis), and <£ the azimuthal angle.
The basic-cone angle for this model was selected as 18.62 deg.
The design Mach number for this waverider model is equal to
4. Thus, for the design condition, the shock will be attached to
the waverider lip at </> = ±110 deg. Experiments7'8 were done
in the Mach number range 3-5 and the unit Reynolds number
range 3.28-6.56 x 106/m. Angle of attack and side-slip angle
were varied in the range ± 20 deg. Lift and drag data and

surface pressure distributions are available for this configura-
tion. Schlieren and surface oil flow visualization data were
also obtained.

General results obtained from the experiments are described
as follows. The maximum lift-to-drag ratios of the waverider
are found to be 2.5 times greater than that of the comparable
simple elliptic cone. Normal force and rolling moment coeffi-
cients, along with the lift-to-drag ratios, are found to decrease
for the waveriders as the Mach number increases. The force,
moment, and surface pressure data corroborate the basic con-
ical flow assumption and substantiate the accuracy of the
perturbation theory that underlies the waverider configuration
design for the on-design conditions. However, the data also
show deviations from analytic solutions at off-design condi-
tions; i.e., at angle of attack/side-slip and Mach number
different from the design values. The schlieren data give the
shock wave positions, and the oil flow studies suggest that the
flows were conical and laminar over the entire range of testing
conditions.

B. Model Problems
Before proceeding with the investigation of waverider s, a

series of model problems were considered to validate the pre-
sent numerical techniques, results of which are summarized in
Table 1. For the first two cases for the flat plate, the grid was
uniform in the streamwise direction and stretched in the cross-
stream direction. The solutions of these model problems con-
firm that the numerical procedure does perform as expected.
The numerical investigation of waveriders is discussed in the
following sections.

C. Waverider at Zero Angle of Attack
The first case of the present numerical investigation is to

calculate the waverider flowfield at zero angle of attack. It is
very important to calculate the flow at this condition since this

0.400

0.300

0.000

o o <

N-S
Euler
Experiment

-h-

110.0 120.0 130.0 140.0 150.0 160.0 170.0 180.0

phi(degree)

Fig. 3 Pressure coefficient on lower surface, x = 15.7 in. for experi-
mental data (180 deg corresponds to the centerline, 110 deg to the tip):
Moo = 4.0; Re =2 m/ft; a = 0.0 deg.

Table 1 Model problems

Case
Flat plate

Subsonic

Supersonic

Shock boundary-
layer interaction

Re

104

1 x 106

2.96 x 105

Moo

0.5

4.0

2.0

Grid size

76x51

101 x 101

96x93

Comments

Excellent agreement
with Blasius solution

Excellent agreement
with Van Driest24

Good agreement with
experiments25 and other
CFD simulations
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Fig. 4 Pressure contours at several cross planes: Moo = 4.0; Re -2
m/ft; a = 0.0 deg.

Fig. 5 Mach number contours at several cross planes: Moo:

Re = 2 m/ft; or = 0.0 deg.
4.0;

is the baseline case used to design the geometric profile of the
model. Two different numerical approaches, quasi-three-di-
mensional [2 x 99 x 61] (Euler solution with two JK planes
only) and full three-dimensional [41 x 74x51], have been
considered.

All the results presented here are for steady flow and for the
forebody only, 60 cm (23.62 in.) in length. Computations are
carried out at zero angle of attack, Mach number = 4.0, and
Reynolds number = 6.56 x 106/m. These are the same condi-
tions as the ones used in the experiments. In all of the com-
puted cases, the flow was considered laminar, as observed
from the experiments, and accordingly, no turbulence model-
ing was used.

The computed pressure coefficients (circumferential distri-
bution) at several axial stations are shown as the solid lines
(overlaying) in Fig. 3, together with the experimental measure-
ments shown as full circles. An additional inviscid pressure
distribution obtained with the quasi-three-dimensional flow
calculation with the viscous terms and no-slip boundary condi-
tion removed and the conical inflow/outflow boundary condi-
tions introduced is also shown in this figure. It can be seen
from the figure that the pressure coefficient plots from these
viscous solutions at different streamwise stations are almost
identical to each other. Therefore, this figure numerically
proves the conical flow feature of the flowfield. When com-
paring the two different types of numerical results, we can
observe that the viscous/inviscid interaction effects are not
strong in this specific case, since the viscous effects are con-
fined to a well-behaved laminar boundary layer.

Computed pressure and Mach number contours at several
cross planes along the entire body are shown in Figs. 4 and 5.
A two-dimensional plot of the pressure contours at a particu-
lar station, x = 39.88 cm (15.7 in.), is shown in Fig. 6. The
general pattern of these contours shows that the shock fea-
tures, in terms of the relative contour levels and gradients, are
well captured. It is seen that the shock is slightly away from
the wingtip instead of being exactly attached at the leading
edge; this has probably caused a flow relief effect. Therefore,
the pressure on the upper surface is no longer the same as the
freestream pressure; but, as seen from the printed results, it is
slightly more than that value. At the same time, the strength of
the nonattached shock appears to be weaker than that of the

Fig. 6 Two-dimensional pressure contours at x - 15.7 in.: Moo:

4.0; Re = 2 m/ft; a = 0.0 deg.

U
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0.004

0.003

0.002.

0.001.

0.000

upper surface coarse grid
lower surface [41x74x51]
upper surface fine grid
lower surface [51x99x61]

0.0 1.5 3.0 4.5 6.0 7.5

y(inch)
Fig. 7 Circumferential variation of skin friction coefficient at x =
15.7 in.: Moo = 4.0; Re =2 m/ft; a = 0.0 deg (thick lines represent
results using finer grid).

0
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0.002 .

0.001.

0.000

upper surface
lower surface
supersonic flat plate flow

0.0 10.0 15.0 25.0

x(inch)

Fig. 8 Axial variation of skin friction coefficient: Moo = 4.0; Re =2
m/ft; a = 0.0 deg (thick line represents numerical values of supersonic
flat plate flow).

attached shock, causing the pressure across the shock not to be
as high as the design value.

Results from other studies11'12 also show the shock being
detached at the design condition. Yoon and Rasmussen12 ex-
plained this as being the result of using the approximate hyper-
sonic small disturbance theory (HSDT) to derive the waverider
shape. These authors argue that an attached shock can be
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Table 2 Waverider aerodynamic parameters

a, deg CL CD CL/CD

0.76317
1.19060

0.00737
0.00672

0.23471
0.44035

3.25154
2.70373

Fig. 9
deg.

Particle traces on surface: Moo = 4.0; Re =2 m/ft; a = 0.0

expected only if the waverider geometry is based on the exact
solution to the corresponding elliptic-cone flow, and the solu-
tion to the flow past such a waverider is also exact.

The numerical results, in fact, give much more information
than the experiments. The circumferential variation of the
skin friction coefficient at the axial station, x = 39.88 cm (15.7
in.), are shown in Fig. 7, and those along the axial direction in
the symmetry plane are shown in Fig. 8. The thick lines in Fig.
7 present the results based on finer grids (51 x 99 x 61). It is
evident from these plots that the numerical solution based on
the [41 x 74 x 51] grid is, for all practical purposes, grid inde-
pendent. The thick line in Fig. 8 presents the values of the skin
friction coefficient obtained by numerical calculation of the
supersonic flat plate flow at the same Re and M^ values and
is seen to compare well with the waverider upper surface, as
expected. The average (length-weighted) skin friction values
on the upper surface and the lower surface centerlines have
been evaluated from the results of Fig. 8 as 0.00059158 and
0.00094428, respectively. Since the calculations are at the de-
sign condition, the freestream is basically aligned with the
upper surface. Van Driest's24 calculations for a flat plate gave
c/V/teoo = 1.15, where c/is the average value of the skin fric-
tion coefficient. By comparison, our computations for the
upper surface give Cf^/Re^ = 1.17.

In the work of Kim et al.,14 they estimated an empirical
value for the average skin friction coefficient, which is based
on laminar flow over a flat plate. For laminar flat plate flow,
Cf is approximated by 1.328 f(M00)/^Re, where Re is the
freestream Reynolds number based on length, and /(M^), a
function of Mach number, is somewhat less than unity. They
made an analysis of the effect of friction drag on lift-to-drag
ratio. They used the expression

on the lifting surface of the waverider to yield higher lift due
to higher pressure.

Interestingly, when comparing the numerical and available
experimental results, some discrepancy can be seen. Qualita-
tively speaking, numerical results and experimental results
have the same trend as can be seen from Fig. 3; however, they
reveal up to a 10% difference in the pressure coefficient, the
experimental values being higher than the numerical results.
As mentioned previously, this is a baseline case used to evalu-
ate the configuration and, therefore, involves questions about
the design concept of waveriders. Therefore, it is worthwhile
to put forth more effort to study the possible causes behind
the observed disagreement.

A distinct possibility for this discrepancy in Cp values is
related to the fact that these values are very sensitive to the
shock position for this type of problem. Therefore, in addition
to the necessity to employ high-resolution shock capturing
numerical schemes (such as the present one), it is essential that
one specify inputs to the computer program that correspond
to the actual flow situation existing in the experimental setup.
Because of the author's inability to explain the discrepancy of
Fig. 3, we contacted one of the authors26 of the experimental
study who suggested to us that the model might have, in fact,
been at a slight angle of attack. An estimate of the angle-of-at-
tack misalignment was made using the analysis given by Ras-

0.4

a.
O

0.3-

0.2-

0.1 -

0.0

——— N-S

O Experiment

110 120 130 140 150 160 170
Phi

180
(degree)

Fig. 10 Pressure coefficient on lower surface, jc = 15.7 in. for exper-
imental data and modified angle of attack (180 deg corresponds to the
centerline, 110 deg to the tip): Moo = 4.0; Re = 2 m/ft; a = 0.9 deg.

0.500

where Dw is the wave drag, Sw the wetted area of the body,
defined in Ref. 9, and q the freestream dynamic pressure.
Following this model, the present numerical results show that
the lift and forebody drag coefficients, obtained by integrating
the pressure and shear stresses at each surface grid point, are
as given in Table 2. The waverider base area was used as the
reference area for calculating these coefficients. It is to be
noted that the CD values in Table 2 do not include the base
pressure drag. The skin friction drag contribution for the zero
angle-of-attack case is about 3.4% of the total drag.

Computed surface particle traces are shown in Fig. 9. Parti-
cle traces are computed by assuming that the flow is steady
and by releasing a particle at each grid point in the first layer
of points above the body. The particles move with the local
fluid velocity, but are constrained to stay just above the body;
that is, the normal velocity component is set to be zero in the
time integration. Such computed surface particle traces are the
numerical equivalent of the streamlines in steady flow. This
figure appears to substantiate the design concept, discussed at
the beginning of the paper, which prevents diverging crossflow

0.400.

0.300.

Piu

0.100.

0.000

N-S
Experiment

110.0 120.0 130.0 140.0 150.0 160.0 170.0 180.0

phi(degree)
Fig. 11 Pressure coefficient on lower surface, x = 15.7 in. for exper-
imental data (180 deg corresponds to the centerline, 110 deg to the
tip): A/oo = 4.0; Re =2 m/ft; a = 5.0 deg.
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mussen.6 The pressure coefficient in the shock layer for slen-
der cones at high Mach numbers is given quite accurately by

where 6 is the angle from cone axis d < 6 < /3, a = {[(7 + I)/
2] + 1/AT6

2}1/2, 7 is the ratio of specific heats, and K8 = Mwd. In
turn, our estimate suggested that a = + 0.9 deg would bring
coincidence to the experimental and computational results.
The Cp results of this slight variation in angle of attack are
shown in Fig. 10.

D. Waverider at Angle of Attack
The following case has the same Mach number and Rey-

nolds number as the previous zero angle-of-attack case, but
the angle of attack is increased to 5 deg. Portions of the
numerical results are shown in Figs. 11-13. From Fig. 11, we
can see that the conical flow feature with respect to the pres-
sure distribution is still preserved for the a. = 5 deg case, since
the azimuthal pressure coefficient results at different stream-
wise stations are invariant with axial location. However, com-
parison with experimental data, the circles in the figure, shows
much more discrepancy than the zero angle-of-attack case.
Computed pressure and Mach number contours at several
cross planes along the entire body length are shown in Figs. 12
and 13. A two-dimensional plot of the pressure contours at a
particular station, x - 39.88 cm (15.7 in.), is shown in Fig. 14.
As with the zero angle-of-attack case, these contours also
show the well-captured shock features in terms of the relative
contour levels. However, it is seen that the shock is much more
detached from the wingtip compared to the zero angle-of-at-
tack case. This result is most certainly caused by the larger
incident angle inducing a shock cone of higher angle, which in

Fig. 12 Pressure contours at several cross planes: Moo = 4.0; Re = 2
m/ft; a = 5.0 deg.

Fig. 13 Mach number contours at several cross planes: M<» = 4.0;
Re = 2 m/ft; a = 5.0 deg.

Fig. 14 Two-dimensional pressure contours at x = 15.7 in.: MX =
4.0; Re = 2 m/ft; a = 5.0 deg.

U-4
a

0.004

0.003

0.002.

0.001.

0.000

upper surface
lower surface

0.0 1.5 3.0 4.5 6 .0 7.5

y(inch)
Fig. 15 Circumferential variation of skin friction coefficient at x =
15.7 in.: MX = 4.0; Re = 2 m/ft; a = 5.0 deg.

M-l
U

0.004

0.003.

0.002 . .

0 .001. .

0.0 5.0 25.010.0 15.0 20.0

x(inch)
Fig. 16 Axial variation of centerline skin friction coefficient: Moo =
4.0; Re = 2 m/ft; a = 5.0 deg.

turn leads to the higher pressure on the lower surface. We can
also observe that the pressure and Mach number contours are
more closely packed than in the zero angle-of-attack case; this
feature probably reveals the higher shock strength in the
a = 5-deg case.

The computed laminar skin friction coefficients are given in
Figs. 15 and 16. They show that the skin friction coefficients



LIAO ET AL.: CONE-DERIVED WAVERIDER 1527

Fig. 17 Velocity vectors of cross flow at x = 15.7 in.: Moo = 4.0;
Re = 2 m/ft; a = 5.0 deg.

Fig. 18 Particle traces of cross flow at jc = 15.7 in.: Moo =
Re = 2 m/ft; a = 5.0 deg.

4.0;

generally increased on the windward surface and decreased on
the leeward surface due to the angle-of-attack effect. Another
interesting aspect of this case is that the skin friction coeffi-
cients on the upper surface at # = 39.88 cm (15.7 in.) (Fig. 15)
show a wave-type variation, which was not present in the zero
angle-of-attack case. In an effort to explain this observation,
the crossflow velocity vectors at the same station, x = 39.88
cm (15.7 in.), are shown in Fig. 17; the particle traces of the
same crossflow are also shown in Fig. 18. These two plots
reveal the appearance of two vortices on each half of the
leeward side much like those on a delta wing at angle of
attack. Of these two, the vortex near the tip is seen to be much
smaller compared to the one near the ridge. The undulations
in the skin friction variation also correspond in size and loca-
tion to these vortices. At the same time, the vortex that existed
on the windward side at zero angle of attack has attenuated in
strength as indicated by the smaller dip in the lower surface
skin friction coefficient toward the tip. This is probably due to
the considerable crossflow taking place from the lower to the
upper surface in this 5-deg angle-of-attack case caused by the
shock not being attached to the leading edge any more. Thus,
we see that even at this moderate angle of attack, the flowfield
has become quite complex. The lift and drag values for this
case are shown in Table 2. The skin friction drag contribution
for the 5-deg angle-of-attack case is about 1.526% of the total

drag. The lift-to-drag ratio has decreased for this case by
about 17% from the zero angle-of-attack case.

Higher angle-of-attack cases and off-design Mach number
cases will be considered as a continuation of this investigation.

V. Conclusions
The three-dimensional, laminar flowfield associated with

waveriders has been analyzed by successful simulation of the
Navier-Stokes equations. All of the computations were ob-
tained using CFL3D, developed by NASA Langley Research
Center, based on modern numerical techniques for time-de-
pendent Navier-Stokes equations. The solutions of the model
problems confirm that the numerical procedure does perform
as expected and the results agree very well with the numerical
studies using other algorithms. The numerical results of wave-
riders at zero angle of attack also have been validated by
comparing with flat plate flow.

The Navier-Stokes simulation of the waverider flowfield
resulting in favorable aerodynamic characteristics (i.e., high
lift/drag ratio) shows that waverider shapes are viable config-
urations for high-speed aircraft. The aerodynamic perfor-
mance of the waverider stays within acceptable limits at low
angles of attack. However, even at small (5-deg) angles of
attack, the flowfield shows the formation of vortices as well as
the detachment of the shock from the leading edge. Thus, we
see that the flowfield has become quite complex. Viscous
effects will be critical for proper consideration of aeropropul-
sion integration, aerothermal heating, and separated flow.
Until realistic waverider configurations are thoroughly studied
at off-design conditions, they cannot be seriously considered
as practical designs. With the advances in computational fluid
dynamics, we can analyze these flows in detail.

Important information can be obtained by extending the
present study to include turbulent boundary-layer and wake
calculations with appropriate turbulence modeling, heat trans-
fer calculations, and characteristics of the flowfield at engine
inlet. Future studies must also include a range of off-design
conditions in order to establish the versatility of waveriders.
The authors are continuing along these lines with the goal of
establishing the necessary data base for using waverider shapes
for aircraft design.
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