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Cone-Derived Waverider Flowfield Simulation Including
Turbulence and Off-Design Conditions
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Using the numerical scheme of Roe's flux-difference splitting, the Baldwin-Lomax algebraic turbulent model,
and the time-averaged thin-layer Navier-Stokes equation, the flowfields for a selected Rasmussen's waverider
forebody are investigated. Specific cases include turbulent flow on-design condition (M^ = 4, a = 0), turbulent flow
off-design condition (Moo = 4, a = 5 deg), and laminar (and Euler) flow off-design condition (M^ = 5, a = 0). For
comparison purposes, some results previously reported by the authors are presented. The off-design flowfields are
more complicated than the on-design ones. For the M^ = 5 waverider, there is very strong stock-wave/boundary-
layer interaction. For the a = 5 deg waverider, there is a detached shock, resulting in a small separation bubble and
a vortex on the upper surface. The shock-wave/boundary-layer interaction and shock attachment pattern strongly
affect the waverider pressure and local skin-friction coefficient distributions.

Nomenclature
Ab = waverider forebody base area, m2

CD = waverider forebody drag coefficient (with
Pb = Poo), (drag)/\POOU^Ab

Cf = local skin-friction coefficient, r/^pooU2^
CL = waverider forebody lift coefficient normal to

freestream, (lift)/\ p^ U2^ Ab
Cp = pressure coefficient, (p — POO)/\Poo^
F, G, H = inviscid flux terms
Hv = viscous flux term
L = characteristic length, m
M = Mach number
n = normal distance, m
p = pressure, Pa
pb = waverider forebody base pressure, Pa
Q — conserved variable vector in generalized coordinates
Re = Reynolds number
T = temperature, °R
t = time variable, s
U = freestream velocity, m/s
u,v,w = velocity components in jc/, m/s
xt = Cartesian coordinates [x, y, zY
x* = generalized coordinates [^, 77, £]'
a = angle of attack, deg
IJL = total viscosity, kg/m-s
jjii = laminar viscosity, kg/m-s
ljit = turbulent eddy viscosity, kg/m-s
p = density, kg/m3

T = shear stress, (/x/ -f iJLt)[d^/(u2 + v2 + w2)/dn], Pa

Subscripts
00
0

= freestream
= boundary-layer edge
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Introduction

T O design a hypersonic flight vehicle, the most difficult problem
in aerodynamics is to overcome the tremendous drag and to

gain as much lift as possible (or how to obtain a higher lift-to-drag
ratio in high supersonic flight). A prospective configuration to satisfy
this requirement is the waverider that is designed to efficiently use
the high pressure of the flowfield on the lower surface resulting from
the strong oblique shock that is attached at the leading edges.

Waveriders have evolved from early re-entry vehicle design.
Based on two-dimensional supersonic flows, some early waverider
configurations with a caret shape have been derived.1'2 Recently
by using the stream surface associated with the axisymmetric flow
past a cone, some new waverider configurations with curved sur-
faces have been presented.3"6 In this paper, the authors have chosen
Rasmussen's waverider forebody configurations4 as a model for in-
vestigating the waverider flowfield. This configuration (Fig. 1) is
relatively simple, and its lower surface can be expressed by a closed
mathematical formula. The lower surface is a stream surface that is
generated by analyzing inviscid flow past an elliptic cone, whereas
the upper surfaces are flat plates. There are several desirable aerody-
namic properties about this configuration such as a high lift-to-drag
ratio because of high pressure on the lower surface and a relatively
uniform flowfield near the centerline on the lower surface. The latter
feature is very important for a scramjet integration design.7'8 Also,
this waverider configuration satisfies the more demanding internal
volume requirement of waveriders. In addition, some useful exper-
imental results for this configuration have already been obtained9'10

and are available for comparison purposes. Computational fluid

7.11 in

SHOCK - -21.50 in
Fig. 1 Geometry of the conical waverider: 0 = 18.62 {1 — 0.1 cos2</>
+ (0.39 + 0.1 cos 2</>)[tan (TT - c/>)/2.75]7-69} deg.
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dynamics11 for solving the Euler equations have been employed to
the same waverider, yielding some interesting comparative results.
However, the inviscid assumption will result in incorrect simula-
tions of the flowfield near the waverider surface, the most obvious
shortcoming being the omission of friction drag and aerodynamic
heating, especially near the waverider tip where there are very strong
viscous effects and pressure gradients. In addition, viscosity causes
boundary-layer growth that displaces the flowfield from the phys-
ical 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 per-
turbed. Moreover, during vehicle maneuvering or off-design condi-
tions, such viscous-impacted phenomena as shock-wave/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 complete and accurate information on the flowfield using the
simplified inviscid flow equations.

Progress at simulating viscous waverider flowfields has been pre-
viously made and reported,12-13 using the computer code entitled
CFL3D. Laminar and turbulent on-design (Moo = 4, a = 0) super-
sonic flowfields, associated with the forebody of conical waveriders,
were analyzed.

A flight vehicle cannot always stay on its on-design condition be-
cause of maneuvering flight. Thus the waverider flowfield research
on off-design conditions is very important. The present study will
investigate off-design flowfields about the forebody of the same con-
ical waverider. Turbulent off-design (a = 5 deg) and laminar off-
design (Moo = 5) cases are simulated in this numerical study. In ad-
dition, the authors' earlier on-design results are briefly reviewed and
used to compare with the off-design simulations. For additional off-
design computations of a viscous optimized waverider, see Ref. 14.

Governing Equations and Numerical Algorithm
The thin-layer Navier-Stokes governing equations15 to be satis-

fied are given by Eq. (1), written in generalized coordinates and con-
servative form. The generalized coordinates xl = [£, r), £]f in the
equation are with respect to the Cartesian variables Jt, = [jc, y, z]f.
A calorically perfect gas was assumed. The viscosity /z is described
by Sutherland's law as a function of temperature:

(G) + (.f) + ~(G) + -(H -Hv) = CD

To solve Eq. (1), the approximate Riemann solver of Roe16 is used
for the numerical representation of the inviscid fluxes. The quantity
<2 in the inviscid fluxes is obtained by using the MUSCL (monotone
upstream-centered schemes for conservation laws) interpolation of
the primitive variables p,u,v,w, and p. Second-order central dif-
ferencing is used for viscous fluxes. Turbulence is modeled using
the Baldwin-Lomax algebraic turbulence model.17

The no-slip and impermeable wall conditions were imposed in
the present calculations. To focus on off-design flow analyses and
simplify the extent of computational parameters, the adiabatic wall
is assumed. The outer-boundary conditions were specified as the
freestream flow property. The initial flow conditions were specified
as uniform freestream flow.

Grid Generation
Because the flowfields to be analyzed and the waverider forebody

are symmetrical, half of the waverider forebody is considered. The
size of the three-dimensional grid about this half configuration is
51 x 74 x 81 in the streamwise, circumferential, and normal direc-
tions, respectively, and it is generated by using a differential equation
method.18 In this grid generation process, some particular rules and
criteria19 are followed. 1) There should be an adequate number of
grid points in the laminar sublayer of the turbulent boundary layer to
guarantee sufficiently precise skin-friction predictions and to min-
imize solution sensitivity to grid size. Accordingly, at least four or
five grid points are located in the laminar sublayer. 2) Grid lines can-
not intersect each other anywhere in the grid domain. This becomes

Fig. 2 Two-dimensional grid at the waverider base plane.

critical in the vicinity of the waverider tips, and some special proce-
dures were implemented involving judicious, but slight, relocation
of some grid points in this region. 3) Initially, a two-dimensional grid
on the waverider base plane, as shown in Fig. 2, is created by solv-
ing the two-dimensional Poisson's equation.18 Then the entire three-
dimensional grid is obtained by extending the two-dimensional grid
to the nose of the waverider, using linear interpolation techniques.
4) The grid is finer in the vicinity of the leading edge and nose.

Results and Discussion
Before analyzing the complete viscous waverider flowfields, we

tested the CFL3D code by simulating some configurations that have
known solutions. All results from these test cases show that the code
is accurate for the present application and has three-dimensional
computational capability.19

The main considerations for off-design flowfields about the fore-
body of the selected conical waverider are presented and discussed.
The two off-design cases, turbulent off-design (a = 5 deg) and lam-
inar off-design (M^ = 5), are simulated. In addition, the authors'
earlier on-design results are briefly reviewed and used to compare
with the off-design simulations.

On-Design Waverider
On-design conditions4'9 for the chosen waverider are at M^ = 4

and a = 0. The turbulent and laminar waverider flowfields for
on-design conditions, Re = 5.08 million/foot (M/ft) and 7^ =
520°R, and an adiabatic wall have been simulated.12'13 Note that the
inviscid assumption is inherent to specifying the on-design condi-
tions, inasmuch as the waverider surfaces are designed from stream
surfaces in an inviscid supersonic flow. Figures 3 and 4 show simula-
tion results for the pressure-ratio (p/poo) contours at the cross plane,
x = 15.67 in., for the laminar and turbulent cases, respectively. It is
clear from these figures that the shocks are not attached precisely to
the waverider tips. This detachment is attributed to boundary-layer
displacement. However, the conclusion in Refs. 12 and 13 indicated
that these slightly detached shocks do not significantly affect the
lift and lift-to-drag ratio of the waverider forebody, in comparison
with theoretical results4 and Euler solutions,11 and the computa-
tional pressure coefficients are in agreement with the experimental
results.10 From the cited on-design figures, relatively uniform ve-
locity magnitudes on the waverider lower surface are observed. The
flow on the waverider upper surface is basically not disturbed and
is thus in agreement with a flat-plate flow. In addition, the oblique
shock on the waverider lower surface is quite distinct; thus the shock
is well captured by using the CFL3D code.

Figure 5 shows the circumferential variation of the laminar and
turbulent on-design local skin-friction coefficients at x = 15.67 in.
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Fig. 3 Two-dimensional pressure-ratio (p/poo) contours for the lam-
inar on-design waverider case: x = 15.67 in., MOO = 4, Re = 5.08 M/ft,
a = 0, adiabatic wall, and T^ = 520°R.
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Fig. 4 Two-dimensional pressure-ratio (p/poo) contours for the tur-
bulent on-design waverider case: x = 15.67 in., MOO = 4, Re = 5.08 M/ft,
a = 0, adiabatic wall, and TOO = 520°R.
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Fig. 5 Circumferential variation of the local skin-friction coefficient
for the on-design waverider: x = 15.67 in., MOO = 4, Re = 5.08 M/ft, a =
0, adiabatic wall, and T^ = 520°R.

Except for the waverider tip region, the local skin-friction coefficient
distributions are basically flat. Furthermore, the local skin-friction
coefficients on the waverider lower surface are observed to be larger
than on the upper surface. The reason for this is that the Mach number
MO on the lower surface is smaller than on the upper surface because
of strong flow compression on the more inclined lower surface. This
is analogous to flow past a two-dimensional flat plate with a smaller
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Fig. 6 Circumferential variation of the pressure coefficient for the on-
design waverider: x = 15.67 in., Re = 5.08 M/ft, a = 0, adiabatic wall,
and Too = 520°R.
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Fig. 7 Circumferential variation of the pressure coefficient for the off-
design waverider: x = 15.67 in., Re = 5.08 M/ft, adiabatic wall, and TOO
= 520°R.

MO, for which the local skin-friction coefficient is increased with de-
creasing Mach number.20 Near the waverider tip, because the charac-
teristic development length for the boundary layer L in the relations

1
(ReY

(n > 0) and Re = (2)

is relatively small and becomes smaller with increasing y, the local
skin-friction coefficients ultimately are increased, as observed. The
expected result that the local skin-friction coefficients for the turbu-
lent case have much larger values than for the laminar case is also ob-
served. Finally, as shown in Fig. 6, the pressure coefficient values for
both cases are essentially the same, inasmuch as the viscous effects
that cause a thin boundary-layer development (laminar or turbulent)
near a surface have minor impact upon surface pressure distribution.

Off-Design Waverider
A flight vehicle cannot always stay on its on-design condition.

Thus knowledge of off-design waverider flowfield is very important.
For off-design conditions, the authors have considered two cases.
One is for laminar flow at M^ = 5, Re = 5.08 M/ft, and a = 0
and an adiabatic wall, whereas the other is for turbulent flow at
MOO = 4, Re = 5.08 M/ft, and a = 5 deg and an adiabatic wall.
Additionally, the results from a Euler (inviscid) solution at M^ = 5
and a = 0 are included to provide some interesting comparison.

Laminar Waverider
For the laminar flow case at the off-design Mach number, repre-

sentative simulation results are shown in Figs. 7-13. Figure 7 shows
the circumferential variation of the laminar off-design pressure co-
efficient at x = 15.67 in. Also included are Euler (M^ = 5) and
turbulent off-design results for comparison purposes. The values of
the laminar off-design pressure coefficient on both the upper and
lower surfaces in the interior-regions are quite similar to those for
the counterpart Euler case, as well as the inviscid cases reported in
Ref. 11. Additionally, the laminar off-design trends are consistent
with our Euler solution and Ref. 11 in the vicinity of the lower
surface tip, with departures in the actual values being attributable
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Fig. 8 Two-dimensional pressure-ratio (P/POQ) contours for the Euler
waverider case: x = 15.67 in., MOO = 5-,Re = 5.08 M/ft, a = 0, adiabatic
wall, and Too = 520°R.
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Fig. 13 Circumferential distribution of velocity at the first grid cell
centers for the laminar off-design waverider case.

to shock-wave/boundary-layer interactions. In a relatively large re-
gion near the centerline on the waverider lower surface, the laminar
off-design pressure coefficient is slightly less than the laminar on-
design value, as shown in Fig. 6. From the respective areas enclosed
by the pressure coefficients on the upper and lower surfaces for the
laminar on-design and off-design cases, the laminar on-design lift
coefficient is somewhat larger than the laminar off-design lift co-
efficient. In fact, CL = 0.7675 and CD = 0.2325 for the laminar
on-design case; CL = 0.7105 and CD = 0.2232 for the laminar
off-design case.

Figures 8 and 9 show the cross plane pressure-ratio (p/poo)
contours for the Euler case at the off-design Mach number at
x = 15.67 in. It is obvious that the main shock for the waverider
is attached on the lower surface rather than at the waverider tip.
Additionally, the tip that is outboard of the main shock generates a
weak oblique shock, just as a small angle wedge does. Both the main
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shock and the oblique shock can cause pressure jumps, as shown in
Fig. 7, with the main shock causing a higher pressure jump.

Figures 10 and 11 show the pressure-ratio (P/POO) contours for
the laminar off-design case at x = 15.67 in. It is apparent that the
main shock is essentially attached at the waverider tip. Although no
shock is attached on the lower surface, there is a significant pressure
gradient around y = 6-7 in. on the lower surface. It seems that the
main shock and the weak oblique shock observed in Fig. 9 for the
Euler solution are combined together for the laminar off-design case
and form the attached main shock. Obviously, viscous effects result
in these changes as herein explained. The fluid viscosity causes
a boundary layer near the lower surface, thus reducing the local
velocity. Therefore, the pressure jump occurring at about y = 6.5 in.
resulting from the main shock of the Euler solution, as shown in
Figs. 7 and 9, will be allowed to dissipate through this low velocity
boundary layer and the pressure disturbance will propagate in the
cross plane direction. The propagation in the region of y < 6.5 in.
results in the pressure gradient around y = 6—6.5 in., as shown
in Fig. 11. The propagation in the region of y > 6.5 in. results in
the pressure gradient around y = 6.5—7 in. and strengthens the
shock at the tip as shown in Fig. 11. In addition, the boundary-layer
displacement can also result in the main shock moving to the tip.
Thus the shock-wave/boundary-layer interaction and viscous effects
at the waverider tip comprehensively affect the pressure coefficient
distribution around the waverider tip, as shown in Fig. 7. The main
attached shock causes a high pressure jump at the tip.

Figure 12 shows the laminar off-design circumferential variation
of the local skin-friction coefficient at x = 15.67 in., together with
the laminar on-design results. Because of having the same Reynolds
number value, the local skin-friction coefficients for both laminar
on-design and off-design cases are almost the same in the relatively
large region near the center of the waverider. However, because of
the differing effects on the main shock and shock-wave/boundary-
layer interaction, the off-design local skin-friction coefficient on
the lower surface changes rapidly near the tip, in comparison to
the on-design case. This situation results from significant cross-
flow on the lower surface, driven by a strong pressure gradient,
as shown in Fig. 13, which shows the velocity distribution (both
cross velocity and total velocity) in the first grid cell centers off
the waverider surface. The first cell velocity distribution and the
local skin-friction coefficient have exactly the same trends as seen
by comparing Figs. 12 and 13. Furthermore, these parameters show
basically the same trend as the pressure coefficient in Fig. 7. Obvi-
ously, the crossflows, shown in Fig. 13, are driven by the pressure
gradients depicted in Fig. 7.

Turbulent Waverider
For the turbulent flow case at the off-design angle of attack, simu-

lation results are shown in Figs. 14-18, as well as the previously cited
Fig. 7. Figures 14 and 15 show the pressure-ratio (P/POO) contours
and Mach number contours, respectively, at x = 15.67 in. These
figures reveal that the main oblique shock at the waverider tip region
is apparently detached for this case. The shock is well captured. In
addition, from Fig. 15, there is observed to be a velocity gradient
normal to the surface in a relatively large region near the centerline
region on the upper surface. This phenomenon results from a vortex
existing in that region, as shown by the crossflow velocity vectors
and streamlines in Fig. 16. Obviously, from considering Fig. 16,
there is a strong vortex on the upper surface near the centerline.
In addition, there appears a small separation bubble near the tip on
the upper surface. This feature becomes more clear from a blowup
plot near the tip presented in Fig. 17. Because of this vortex and the
small bubble, the pressure coefficient on the upper surface changes
subtly at corresponding locations, as can be observed in Fig. 7.

Referring back to Fig. 7, we consider the turbulent off-design
pressure coefficient. Compared with the other cases in Fig. 7, the
turbulent off-design pressure coefficient on the upper surface has the
lowest values, because the flow on the upper surface at 5-deg angle
of attack is expanded after crossing the expansion waves emanating
from the waverider leading edge. On the contrary, the turbulent
off-design pressure coefficient on the lower surface is the highest
one, since the flow on the lower surface at 5-deg angle of attack
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Fig. 16 Crossflow velocity vectors and selected streamlines for the tur-
bulent off-design waverider case: x = 15.67 in., MOO = 4, Re = 5.08 M/ft,
a = 5 deg, adiabatic wall, and T^ = 520°R.
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receives greater compression by the main shock wave. Thus, the
turbulent off-design case has the highest lift coefficient among those
cases investigated (Fig. 7).

The circumferential variation of local skin-friction coefficient at
x = 15.67 in. is shown in Fig. 18. Because there is a larger M0 caused
by expansion waves on the waverider upper surface for the off-
design case, the local skin-friction coefficient is smaller than for the
turbulent on-design case. The reasoning is similar to that discussed
in the preceding section, "On-Design Waverider." On the contrary
and for a similar reason, the local skin-friction coefficient on the
lower surface for the off-design case is larger. For this turbulent off-
design case, the small separation bubble near the tip of the upper
surface results in a significant variation of the local skin-friction
coefficient with respect to the on-design counterpart, whereas the
major vortex near the centerline results in only a slight variation in
the Cf distribution.

Conclusions
All results for the selected waverider forebody configuration are

reasonable and can be physically explained. For on-design cases,
the main oblique shock is well captured. The flowfield on the wa-
verider lower surface around the centerline is relatively uniform. The
viscous effects do not basically affect surface pressure distribution.
However, there is a strong shock-wave/boundary-layer interaction at
the waverider tip. This results in the shock being detached at the tip.

For the laminar off-design case (M^ = 5), the main oblique
shock is attached. The values of the laminar off-design pressure co-
efficient and local skin-friction coefficient on both upper and lower
surfaces in the interior regions are quite similar to those for the
counterpart laminar on-design case. But in the vicinity of the lower
surface tip, the departures in the actual values are obvious because
of shock-wave/boundary-layer interactions.

For the turbulent off-design (a = 5 deg), the main oblique shock
is detached. The values of the turbulent off-design pressure coef-
ficient and local skin-friction coefficient on both upper and lower
surfaces are quite different from those for the counterpart turbulent
on-design case. In the vicinity of the upper surface tip, there is a
small separation bubble. And in the interior region on the upper
surface* there is a strong vortex.

All revealed phenomena are very important to understanding the
flowfields for both on-design and off-design conditions. The results
are useful under some circumstances for the consideration of scram-
jet design, aerodynamic heating, separated flow, vehicle handling
and control, vehicle stability, and afterbody design.
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