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Hypersonic Waveriders for Planetary Atmospheres
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and
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Johns Hopkins Applied Physics Laboratory, Laurel, Maryland 20702

The concept of a hypersonic waverider for applications in foreign planetary atmospheres is explored,
particularly in regard to aeroassist for space vehicle trajectory modification. The overall concept of hypersonic
waveriders is discussed in tutorial fashion. A partial review of past work is given, and the role of a new family
of waveriders—the viscous optimized waveriders generated at the University of Maryland—is highlighted. The
mechanics of trajectory modification by aerodynamic vehicles with high lift-to-drag ratios in planetary atmo-
spheres is explored. Actual hypersonic waverider designs for Mars and Venus atmospheres are presented.
Moreover, they exhibit very high lift-to-drag ratios, as high as 15 in the atmosphere of Venus. These results
graphically demonstrate that a hypersonic waverider is a viable candidate for aeroassist maneuvers in foreign
planetary atmospheres.

Nomenclature
C = CFL constant
CD = drag coefficient
CL = lift coefficient
Cf = skin friction coefficient
D = drag
E = first Euler vector
G = second Euler vector
H = third Euler vector
h - altitude
L =lift
M = Mach number
m = secondary body mass
m = mass flow
Re = Reynolds number
r = orbital radius, radial dimension
T = temperature
t = time variable
V = velocity magnitude
V = normalized velocity
x = linear dimension
z - axial coordinate
|8 = shock angle
7 = ratio of specific heats
AK = change in velocity magnitude
6 = orbital angular deflection
/i = coefficient of viscosity
6 = angle of arc through atmosphere
0 = surface angle of obliquity
p = density
v - gravitational constant times mass
^ = stream function
co = viscosity temperature exponent
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Subscripts
c = circular orbit value
o = reference value
p = value at periapsis
t = stagnation conditions
w = wall value
1 = initial or approach
2 = final or exit
oo = value at infinite distance

Introduction

T HE use of aerodynamic forces to tailor trajectories and
orbits of space vehicles has been considered since 1961

when London1 suggested the use of aerodynamic forces to
execute an orbital plane change. Extensions of this work have
been surveyed by Walberg,2"4 who listed three possibilities for
the useful application of aerodynamic forces during the flight
of space vehicles. The first of these, synergetic plane change,
is described above in conjunction with Ref. 1. This makes use
of aerodynamic lift and minimum aerodynamic drag, hence
emphasizing the importance of a high lift-to-drag ratio, L/D,
for the space vehicle. Aerocapture is another application, in
which aerodynamic drag is used to dissipate the excess hyper-
bolic velocity of a space vehicle entering a planetary atmo-
sphere from deep space, allowing the vehicle to be captured by
the gravitational field of the planet, placing it in the desired
orbit about the planet. The final category is orbital transfer, in
which a vehicle in high Earth orbit returns to the Earth's
atmosphere and uses aerodynamic drag to achieve a low Earth
orbit. For the most part, these applications make use of aero-
dynamic drag, although some lift is considered in the first
application.

An application where aerodynamic lift is the primary con-
cern has been recently described by Randolph and McRonald,5
who suggest the trajectory modification of a close-approach
solar probe by passing through the terrestrial or Cytherean
(i.e., Venusian) atmospheres. Here, a conventional gravity
assist trajectory can be greatly magnified by an aerodynamic
assist, using the vehicle's lift vector to obtain virtually any
amount of angular deflection change of the trajectory as the
vehicle passes through the planetary atmosphere. Qf course,
drag during this atmospheric pass must be minimized so that
losses of velocity magnitude do not offset the gains accom-
plished by the angular deflection. Hence, for such an applica-
tion, it is extremely important that the space vehicle has as
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large a lift-to-drag ratio as possible. Randolph and McRonald
call for L/D ratios on the order of 10, and suggest that a hy-
personic waverider might be able to provide such values. How-
ever, no analysis of such a waverider is presented in Ref. 5.

The importance of high L/D for hypersonic aerodynamic
assist of space vehicles is particularly underscored by Lewis
and Kothari.6 Here, closed-formed equations for an
aeroassisted and modified hyperbolic trajectory are derived
and presented as a function of L/D. These equations clearly
show the importance of high L/D for such trajectory modifi-
cation, demonstrating among other variations that the maxi-
mum angular deflection of the trajectory through an atmo-
sphere is directly proportional to L/D, and that the
atmospheric exit velocity at the end of the vehicle's transit
through the atmosphere is an exponential formulation, with
increasing L/D ratio serving to decrease the velocity decre-
ment during transit through the atmosphere.

Lewis and Kothari demonstrated that a waverider shape has
a reasonable potential for achieving high enough values of
L /D to be useful for such an aeroassist role; indeed, a wave-
rider may be the only hypersonic configuration that produces
the required high L/D ratios.

The purpose of the present paper is to examine in more
detail the aerodynamic performance of waveriders in plane-
tary atmospheres, and to present for the first time actual
optimized waverider shapes designed specifically for transit
through the atmospheres of Mars and Venus. This paper is
intended to provide a general tutorial review on the general
concept of hypersonic waveriders, including an overview of
some of the literature. It will also explain the importance of
high L/D for space vehicle aeroassist trajectories, and the
generation of actual waverider configurations for transits
through the Martian and Cytherean atmospheres will be pre-
sented and discussed.
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General Concept of the Waverider—A Review
Waveriders: What Are They?

A waverider is a supersonic or hypersonic vehicle that has
an attached shock wave all along its leading edge at design
point conditions, as sketched in Fig. la. Because of this, the
vehicle appears to be riding on top of its shock wave—hence
the term "waverider." This is in contrast to a more conven-
tional hypersonic vehicle, where the shock wave is usually
detached from the leading edge, as sketched in Fig. Ib. The
aerodynamic advantage of the waverider in Fig. la is that the
high pressure behind the shock wave under the vehicle does
not "leak" around the leading edge to the top surface; the
flowfield over the bottom surface is contained, and the high
pressure is preserved. In contrast, for the vehicle shown in Fig.
Ib, there is communication between the flows over the bottom
and top surfaces; the pressure tends to "leak" around the
leading edge, and the general integrated pressure level on the
bottom surface is reduced, resulting in less lift. Because of
this, the generic vehicle in Fig. Ib must fly at a larger angle of
attack a. to produce the same lift as the waverider in Fig. la.
This is illustrated in Fig. 2, where the lift curves (L vs a) are
sketched for the two vehicles in Fig. 1. At the same lift, points
la and Ib in Fig. 2 represent the waverider and generic vehi-
cles, respectively. Also shown in Fig. 2 are typical variations
of L/D vs a, which for slender hypersonic vehicles are not too
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different for the shapes in Fig. la and Ib. However, note that
because the waverider generates the same lift at a smaller a
(point la in Fig. 2,) the L/D for the waverider is considerably
higher (point laa) than that for the generic shape (point Ibb).

Another characteristic of waveriders is that they are gener-
ated from known flowfields established by other basic shapes
different from that of the waverider itself. For example, Fig.
3 illustrates a waverider generated from a conical flowfield. A
cone, along with the conical shock wave attached at the vertex
of that cone, is sketched at the top of Fig. 3. Any stream
surface of this conical flowfield downstream of the shock can
be used as the surface of the waverider; in so doing, the shock
wave will be attached all along the leading edge of the wave-
rider, as shown at the bottom of Fig. 3. Moreover, the at-
tached shock wave on the resulting waverider will, of course,
be a segment of the conical shock wave shown at the top of
Fig. 3.

A Brief Review of the Literature
The waverider concept was first introduced by Nonweiler in

1959.7 Over the years since its inception,7"12 the concept of the
waverider has received sporadic attention, with the majority
of the research carried out in Europe. An excellent and au-
thoritative survey of waverider research has been given by
Townend8; this paper is recommended as a starting point for
anyone not familiar with the field. A tutorial approach is also
taken by Roe.10 As mentioned earlier, waveriders are gener-
ated from known flowfields; those generated from the flow
behind a wedge are discussed by Nonweiler.7 The first exten-
sion to the use of a conical flow as a generating flowfield is
discussed in Ref. 11. Rasmussen and his colleagues at the
University of Oklahoma (see, for example, Refs. 12-14) uti-
lized hypersonic small disturbance theory to design waveriders
from flowfields over right-circular cones as well as elliptic
cones. During the early 1980s, Rasmussen's work constituted
the main focus of waverider research in the United States. In
this work, the calculus of variations was used to optimize the
waverider shape utilizing the inviscid properties of the flow
only. Other work of a similar nature was carried out by Cole
and Zien15 and Schindel.16 Baron17 investigated the interesting
aspect of using two or more adjacent cones to generate a more
complex flowfield from which waveriders could be obtained.

In all of the above work, the waverider configurations were
designed (and sometimes optimized) on the basis of inviscid
flowfields. In turn, the drag predicted by such inviscid analy-
ses was simply wave drag, and the resulting inviscid L/D
looked promising. However, waveriders tend to have large
wetted surface areas, and the skin-friction drag, always added
to the waverider aerodynamics after the fact, tended to greatly
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decrease the predicted inviscid L/D ratio. This made the wa-
verider a less interesting prospect, and led to a lack of inter-
est—indeed outright skepticism—by researchers, particularly
in the United States. On the other hand, recent work at the
University of Maryland has taken a different tact. A new
family of waveriders has been generated wherein the skin-fric-
tion drag is included within an optimization routine to calcu-
late waveriders with maximum L/D. In this fashion, the
tradeoffs between wave drag and friction drag are accounted
for during the optimization process, and the resulting family
of waveriders has shape and wetted surface area so as to
optimize L/D. This family of waveriders is called viscous-op-
timized hypersonic waveriders. The first work on these wave-
riders was carried out by Bowcutt et al.18~20 Here, the generat-
ing inviscid flowfield was conical, and the viscous shear stress
was calculated by means of an integral boundary-layer tech-
nique. A second generation of viscous optimized waveriders
was studied by Corda and Anderson21 wherein a power-law
minimum drag body was used for the generating flowfield,
and a reference temperature method was employed for the
calculation of skin friction. The viscous optimized waveriders
presented in Refs. 18-21 have very high hypersonic L/D ra-
tios. This is illustrated in Fig. 4, where maximum L/D is
plotted vs Mach number for a variety of hypersonic vehicles;
the open symbols pertain to different shapes wherein the L/D
is obtained by either calculation, wind tunnel experiments, or
flight test, all pertaining to different Reynolds numbers. (For
an itemization of the references associated with each of the
open symbols in Fig. 4, see Ref. 22.) Note that, in general,
L/D decreases with increasing Mach number; the solid curve
in Fig. 4 is an empirically based upper limit for L/D set by
Kuchemann,23 and can be interpreted loosely as a type of
"L/D barrier." The solid symbols correspond to the viscous
optimized waveriders reported by Bowcutt, Corda, Anderson,
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and Capriotti in Refs. 18-22; these waveriders obviously
"break" the L/D barrier. Finally, these viscous optimized
waveriders have been recently tested in the unitary wind tunnel
at the NASA Langley Research Center, and the preliminary
experimental data confirms the University of Maryland design
point calculations.24 Hence, the work in Refs. 18-22 is begin-
ning to be experimentally verified and validated.

Waverider Analysis
The analysis and optimization of waveriders from general

axisymmetric flowfields require distinct capabilities. First, one
must be able to generate a "known" axisymmetric flowfield.
Then one must analyze the waverider generated from the
flowfield, which involves: 1) the evaluations of the aerody-
namic coefficients (e.g., CL, CD, and CM) and 2) the determi-
nation of the parameters that describes the waverider geome-
try. Finally, waverider optimization requires finding the set of
parameters that yield the desired figure of merit (e.g., maxi-
mum L/D or minimum CD). The breakdown of the waverider
design process is shown in Fig. 5. The contents of each box
will be discussed in the following paragraphs. A more detailed
description of the design process is given in Ref. 22.

Generation of Inviscid Flowfield
The calculation of the "known" axisymmetric flowfield will

be discussed first. Separate techniques are used for the case of
1) flow over a right circular cone and 2) flow over a general
axisymmetric body, as described below.

Conical Flow
For the case of conical flow, the Taylor-Maccoll equation

shown below is solved using a standard fourth-order Runge-
Kutta method, as given in Ref. 25:

7-1

dFrf dK dKrd2Fr]
d0|_ rd0 d0 d02J (1)

In Eq (1), Vr is the nondimensional component of flow veloc-
ity along a conical ray, 0 is the angle of the ray referenced to
the cone axis, and 7 is the ratio of specific heats.
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Fig. 6 Waverider construction.

General Axisymmetric Flowfield
For an inviscid axisymmetric flowfield in general, the gov-

erning partial differential equations are the Euler equations
given below:

dG dE
(2)

where

pw
p +pw2

pvw
E =

pv
pvw

p+pv2

pv
pvw
pv2

(3)

in which p is the density, w is the axial (z) component of the
flow velocity, v is the transverse (r) component of the flow
velocity, and p is the pressure. These equations are solved
numerically using MacCormack's explicit space-marching
finite-difference scheme. (See Refs. 26 and 27 for a basic
discussion of MacCormack's technique.)

Generation of Leading-Edge Shapes
Once the flowfield is calculated, waverider shapes can be

"carved" out of the flowfield, as shown in Fig. 6. As is seen
in this figure, the leading-edge curve is traced back along the
streamlines of the flowfield to generate the lower surface of
the waverider. Note that the projection of the leading-edge
curve in the cross-stream (x-y) plane uniquely defines a wave-
rider geometry for a given flowfield. The leading-edge curves
are generated by the optimization process, as will be discussed
shortly.

Streamline Tracing
Streamlines are traced from the leading edge, through the

"known" flowfield, to create the waverider lower surface.
The manner of this streamline tracing is based on a stream
function method, as discussed by Corda,22 which should be
consulted for further elaboration.

Freestream Upper Surface
The upper surface is created by simply following the

freestream back through the given leading-edge curve to the
base of the waverider. The pressure on this freestream upper
surface is the freestream pressure, /?«.

Skin Friction Calculations
The skin friction distribution along the streamlines that

form the waverider is calculated using the reference tempera-
ture method of Eckert.28 In the reference temperature method,
approximate formulas are used to predict the skin friction,
with the physical properties evaluated at an appropriate refer-
ence temperature. For a flat plate in laminar flow, the local
skin friction coefficient is given by

Cf = 0.664
^Rex Too

with Rex as the local Reynolds number, defined as

(4)

(5)

where p*. is the freestream density, V* is the freestream veloc-
ity, x is the local distance from the leading edge of the plate,
and ^loo is the freestream value of the viscosity.

Also in Eq. (4), T' is the reference temperature, defined as
T,

= 1 + 0.032Mi + 0-KlH (6)
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where M*. is the freestream Mach number and Tw is the wall
temperature. Finally, o> in Eq. (4) is the exponent of an as-
sumed exponential variation of /i, namely,

(7)

A value of w = 0.75 is used in the present study.
The flat plate skin friction coefficient for turbulent flow is

given by

0.0592
/DX> / \0.2

where

Re' = '

(8)

(9)

In Eq. (9), p' and /*' are evaluated at the reference tempera-
ture 7".

This type of skin friction analysis is much simpler, in con-
cept and use, than integral boundary-layer methods. Results
obtained using the reference temperature method were within
10% of results determined using a more complex integral
boundary-layer method, Ref. 18, even at high hypersonic
Mach numbers. Also, the computation time required by the
reference temperature method is very small when compared
with an integral boundary-layer method.

Boundary-layer transition is predicted using a correlation of
the local transition Reynolds number Rex>t with the local edge
Mach number Me, as follows

logio ReXt = 6.421 exp[1.209xlO-4Me
2-641] (10)

This correlation is based on the experimental data of Di-
Cristina29 for transition on sharp cones at 0-deg angle of
attack. This correlation is used due to the lack of better
methods of transition prediction in hypersonic flows.

Aerodynamic Forces and Moments
The aerodynamic force and moment coefficients are calcu-

lated by numerically integrating the pressure and shear stress
over the surface of the waverider. Base drag is not calculated.
Details of the integration for the forces and moments can be
found in Ref. 22.

Waverider Optimization
The construction and aerodynamic analysis of a single wa-

verider configuration is shown by blocks A-F in Fig. 5, and
just described in the previous paragraphs. Now, the optimiza-
tion is performed by perturbing the shape of the leading-edge
curve (which corresponds to a unique waverider geometry),
until a configuration is found with the optimum value of the
specified figure of merit—either maximum L /D or minimum
total drag, as in the present analysis. The nonlinear simplex
method of Nelder and Mead30 is used for the numerical opti-
mization. For more details of the simplex method as applied to
the waverider analysis, see Refs. 18-22.

Waverider Applications in Planetary Atmospheres—
Mechanics of Trajectories and Orbits

Orbit Modification and L/D Requirements
To determine the L/D requirements for an aeroassisted

maneuvering vehicle, it is worth considering the effect that
L/D has on the performance of a particular mission profile.
Obviously, the L/D required for a given vehicle will be highly
dependent on the mission, and it is, therefore, difficult to
draw generalities without a specific trajectory in mind. As a
demonstration of the importance of L /D, an example of the
use of a waverider for orbital maneuvering is considered for

the case of hyperbolic gravity assist trajectory past a gravitat-
ing body, as is commonly used for A Vincrements on planetary
missions.

Without an aeroassist, the maneuver is represented by a
simple hyperbolic orbital trajectory.31 A probe at incoming
relative velocity Vw approaches a primary gravitational
source, such as a planet, and accelerates to velocity

(11)

where v = GMprimary, the gravitational constant times the mass
of the primary body.

The probe leaves the planet and returns to velocity V^ at
distance r — oo, having turned through an angle of

d = 2 sin ~ (12)

where rp is the radius at periapsis, or closest approach.
A trajectory with an atmospheric passage provides unlim-

ited capability to modify the flight direction, with the con-
straint that velocity magnitude is lost to drag during the course
of the flight. A vehicle entering the atmosphere will experience
a deceleration of

—d/m (13)

where D/m is the drag force divided by the vehicle mass. Since
it is most convenient to characterize the vehicle in terms of the
lift-to-drag ratio L/D this is written as

(L/D)m •dt (14)

The time of flight can be related to the arc length 9 traveled at
radius r in the atmosphere since Vdt = rd9. If it is assumed
that approximately constant-altitude flight is to be achieved,
lift must be used to add to gravitational forces in counteract-
ing the excess centrifugal effects. This means that the wave-
rider is flying "upside-down" with respect to the planet's
surface, using its lift to stay in the atmosphere:

L +•vm mV2

(15)

so that Eq. (14) can be written as

Note that positive lift augments gravity, so it is acting toward
the planet.

The vehicle will therefore travel through an angle 9 at
altitude r, where

e_ D VI V - (v/rV)

(17)

in which it is assumed that L/D is approximately constant or,
at least, can be characterized by some constant value during
the flight. Equation (17) can be rewritten to express the veloc-
ity change as a function of sweep angle:

(18)
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Sonic
Planet speed, m/s 1
Earth 300
Venus 248
Mars 192

Jupiter 914
Saturn 735
Uranus 578
Neptune 563

Table

^rotation > Km/ S

0.46
0.002
0.24

12.80
10.27
2.58
2.68

1 Atmospheric entry parameters

Kesc, km/s
11.18
10.37
5.03

59.37
35.54
21.31
23.78

Mesc/Afcorr

37/36
42/42
26/25
65/51
48/34
36/32
42/37

Kcirc, km/s
7.91
7.33
3.56

41.98
25.13
15.07
16.81

Mcirc/Mcorr

26/25
30/30
19/17
46/32
34/20
26/22
30/25

Tt, esc
2.0
1.5
0.4
3.0
1.2
0.4
0.5

Tt

1
0
0
1
0
0
0

Since we are ultimately interested in the velocity at escape
from the planet, we can use Eq. (11) to express the final
velocity at infinity in terms of the initial relative approach
velocity:

Foo2 =

Note that drag in the planetary atmosphere has decreased the
incoming velocity by an amount governed by the exponential
scale factor 2Q/(L/D). Increasing lift-to-drag ratio results in
a proportional increase in the angle that can be traversed in the
atmosphere for a given loss in velocity. Reference 6 explores
the ramifications of these results in greater detail.

For interplanetary probes that would use atmospheres of
these planets for trajectory changes or for preplanned kinetic
energy losses, the assumption of constant L/D is quite valid.
For such cases, the incoming velocities are generally much
greater than the planet's circular velocities and, hence, high
negative values of lift (or L/D) are always required to main-
tain force balance.

A glance at Eq. (17) shows that for F2 = Vi>7r, 0 goes
through a singularity. This is because at velocities equivalent
to the circular velocities, no lift is required to maintain the
force balance between the gravitational and the centrifugal
forces. Hence, the assumption of constant L/D forces drag to
go through zero, which is not correct. In fact, the solution
should drive L/D to zero, contrary to the constant value
assumption.

For cases where L /D must be a variable, the above formula-
tion can be modified. This is applicable, for example, to
atmospheric trajectories with Hohmann transfers from park-
ing orbits, which are close to the planet but are outside the
atmosphere. In these cases, a small amount of lift is required
to maintain the force balance (negative at first and positive
later on). For such case, L/D will go through zero during the
transition, going from negative to positive values of lift. Here,
the angle of attack will always be small, since the lift vector is
of small magnitude. It can, therefore, be assumed that the
drag coefficient CD variation occurs inside the so-called drag
bucket, and so is almost a constant.

Substituting for drag as D = l/2pV2SCD in Eq. (13),

d K = _ 1
V ~ 2

which integrates to

K(0)=K,exp

CDpS
m rd0

1 CppSrB]
2 m \

(20)

(21)

Writing the lift as L = D(L/D) in Eq. (15) and substituting
for drag in terms of CD,

substituting for V, and recognizing once again that the circu-
lar orbit velocity Vc = -JvTr,

(23)

2m
' CDrpS\r V2 (22)

Here we have flipped the sign of lift, so that positive lift
corresponds to upward force, and negative lift corresponds to
downward force.

This formulation shows the variation of L /D that should be
followed with the change in angle 0 as the vehicle goes around
the planet. To start with, at 0 = 0, L/D will be negative, since
Vc will always be less than the entry velocity V\. For some
value of 0, L/D will be zero and then positive afterwards.
Thus, the waverider will start out flying upside down at^some
angle of attack, will go through zero lift angle at some value of
0, will roll 180 deg at this point to the right side up, and then
fly with positive lift as its velocity drops below that of the
circular velocity at that given radius. Equation (23), therefore,
describes the variation of the angle of attack of the waverider
with respect to the flight angle 0 as the waverider goes around
the planet. It is also easy to see from this equation that a
higher value of L/D translates directly into a greater distance
that the vehicle can transverse around the planet (i.e., greater
value of 0).

Flight Environment
Table 1 presents the Mach numbers associated with atmo-

spheric entry at planetary capture velocity and low planetary
orbital velocity for several different planets. The first column
indicates the speed of sound in the planetary atmosphere,
calculated at the cloudtops of the Jovian planets and at a
representative reentry altitude for Earth and Mars.

Note that both the Earth and Mars atmospheres are essen-
tially isothermal in the altitudes of interest, so exact precision
in specifying a flight trajectory for this comparison is not
necessary. The Venus stratosphere temperature drops linearly
from about 300 K at 50-km altitude to about 190 K at 80 km,
after which it is nearly isothermal. For this plot, an entry
altitude of 75 km was chosen based on proposed orbital mis-
sions of Ref. 5, but it should be remembered that the entry
Mach number at Venus is a strong function of altitude. The
second column of Table 1 indicates the planetary rotation
speed, which, under certain conditions, might be subtracted
from the entry speed to reduce the flight Mach number. A day
on Venus lasts 5832 h, and so its rotational velocity is negligi-
ble compared to orbital speeds. Planet rotation is also insignif-
icant for Earth and Mars, but it is significant for the outer
planets.

Column 3 of Table 1 presents the velocity of capture into
the planetary gravitational field, which is the escape velocity.
The next column lists the corresponding Mach number for the
capture velocity, along with the Mach number corrected for
the planetary rotation. The last two columns list the same for
atmospheric^ entry at the velocity characteristic of low plane-
tary orbit, and the corresponding Mach numbers. Note that
the correction for planetary rotation may not always be practi-
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cal; for instance, such a benefit may not be realizable at
Uranus, with its spin vector oriented towards the sun.

The last two columns of Table 1 present the stagnation
temperatures of the freestream flow approaching a hypersonic
vehicle at the Mach numbers characteristic of escape velocity
and low orbital velocity without the rotational correction.
These values have been normalized to the total temperature
represented by flight at orbital velocity in Earth's atmosphere,
which has been arbitrarily set to unity. This is an indication,
albeit an imprecise one, of the heating levels to be encountered
by a hypersonic vehicle. In reality, temperatures on a hyper-
sonic vehicle will be governed by complicated chemical inter-
actions; in the hypersonic regime, surface temperatures will
not reach the flow stagnation temperature because of dissocia-
tion. However, the total temperature is an indication of the
maximum energy available for heating the vehicle surface.
Observe that the flow stagnation values are all within range of
terrestrial experience, although actual heating comparisons
would require more sophisticated analysis than is presented
here. Note that transatmospheric vehicles operating in the
terrestrial atmosphere will likely experience heating levels that
are several times greater than those experienced during re-en-
try.32

Table 1 shows that the Mach number range for aeroassisted
trajectories throughout the solar system matches that associ-
ated with hypersonic flight in Earth's atmosphere. As is indi-
cated, low Earth orbital velocity is generally associated with
flight at about Mach 26; higher Mach numbers would be
encountered with entry from more energetic orbits or from
capture. Indeed, Mach 26 is usually the quoted value for the
upper range of transatmospheric flight for a vehicle such as
the National Aerospace Plane. As a result, hypersonic vehicle
design for Earth applications has focused on the range of
Mach numbers between cruising flight at Mach 10 to single-
stage-to-orbit acceleration flight of Mach 26.33

Although the actual velocities for atmospheric entry at the
gas giants are high, the speed of sound of these planets'
atmospheres and' the fast rotation all help reduce the Mach
number to a«value similar to that for terrestrial transatmo-
spheric flight.34 Jupiter has the highest Mach number for low
planetary orbit among the gas giants, but even this is not
unreasonably high in comparison to Earth. In the Martian
atmosphere, the low-orbit Mach number is actually somewhat
below the upper range for flight on Earth. Mach numbers for
entry into the Cytherean atmosphere are somewhat higher
than comparable Earth-based values because of the generally

a) h = 30 km, Re = 3.25 X 1010

b) h = 76 km, Re = 1.29 x.lO8

Fig. 7 Waverider designed for the atmosphere of Venus, Moo = 30, 0Cone = 5 deg.
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Table 2 Waverider lift and drag coefficients

Figure
7a
7b
8a
8b

Planet
Venus
Venus
Mars
Mars

M
30
30
19
19

0,
deg

5
5

7.5
7.5

Alt., km
30
76
20
30

3
1,
1.
2.

Re
.25 x
.29 x
.03 x
.51 x

1010

108

108

106

CL

0.0151
0.0152
0.0342
0.0334

CD
0.00104
0.00133
0.00515
0.00629

Cf
1.72X10-5

0.000291
0.0013
0.00266

L/D
14.46
11.36
6.63
5.38

lower speed of sound. As will be discussed below, such effects
will be minimized by the smaller value of j associated with the
CO2 atmosphere of that planet. The Mach numbers character-
istic of capture trajectories are also typically higher than those
expected for transatmospheric flight on Earth, but are similar
to values associated with aerobraking from geosynchronous
orbit.

Viscous Optimized Waveriders for Planetary
Atmospheres—Their Shapes and Aerodynamics

Using the analysis described for axisymmetric flowfields, a
series of waverider configurations have been generated for
flight within the Martian and Cytherean atmospheres. To the

authors' knowledge, these represent the first waveriders to be
designed for applications in foreign planetary atmospheres.
The results described here are intended to examine only the
general viability of waveriders for such an application—a
detailed design and parametric study is left to future investiga-
tion. Here we>simply ask the question: Can waveriders in
foreign planetary atmospheres produce the magnitude of high
L ID values required for mission applications? We will see that
the answer appears to be a resounding yes.

In Figs. 7a and 7b, waveriders for the atmosphere of Venus
are shown. Figure 7a is a point design for Mach 30 at an
altitude of 30 km; Fig. 7b is a point design also at Mach 30,
but at a higher altitude of 76 km. These waveriders were

a) h = 20 km, Re = 1.03 x 107

b) h = 30 km, Re = 2.51 x JQ6

Fig. 8 Waverider designed for the atmosphere of Mars, M = 19, 0cone = 7.5 deg.
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generated from the flowfield for a 5-deg half-angle cone. The
wall temperature of the waverider was assumed to be
Tw = 1000 K. The L/D ratio for the 30-km case (Fig. 7a) is
14.46—an exceptionally high value. Even at 76 km (Fig. 7b),
the L/D is. 11.36—-also a high value. The primary reason for
the high L /D values for the atmosphere of Venus is the high
Reynolds numbers associated with the dense Cytherean atmo-
sphere, and the resulting low skin-friction drag coefficients
that accompany high Reynolds numbers. This will be elabo-
rated upon shortly.

Waveriders for the Martian atmosphere are shown in Figs.
8a and 8b, for Mach 19 and altitudes of 20 and 30 km,
respectively. Here, a 7.5 deg half-angle cone was used for the
generating flowfield. The wall temperature was Tw = 1000 K.
The L /D ratios were 6.63 and 5.38, respectively, for these two
cases. These L/D values are considerably lower than those for
Venus, again due to a Reynolds number effect associated with
the low values of Re in the relatively thin Martian atmosphere.

More detailed information on the aerodynamic characteris-
tics of these waveriders is given in Table 2. Here, M is Mach
number, 6 is the angle of the generating cone, the flowfield
from which the compression surface of the waverider is ob-
tained, CL is the lift coefficient (CL = L/ytp^V^S), CD is the
total drag coefficient (CD = D/Vip^VlJS) where D is com-
posed of the sum of the wave drag (due to the pressure
distribution over the surface) and the skin-friction drag (due
to the shear stress distribution over the surface), C/ is the
skin-friction drag coefficient itself, and, of course, L/D is the
lift-to-drag ratio. Of particular note in this table are the low
values of C/ for the Cytherean cases—simply due to the higher
Reynolds numbers encountered in flight in the dense atmo-
sphere of Venus. (Note that for all of the calculations in this
paper, and hence for Table 2, the length of the waverider was
chosen as 10 m.) It is also interesting to note that for most of
the cases shown in Table 1, C/ is much smaller than CD,
indicating that the dominant drag mechanism for these viscous
optimized waveriders is wave drag.

Emphasis is made that the waverider calculations in this
paper assume a calorically perfect gas. Hence, the effect of the
different chemical compositions of the atmospheres of Earth,
Mars, and Venus is taken into account simply by the use of
different values of the ratio of specific heat y that pertain to
those atmospheres. More sophisticated aspects, such as the
details of chemically reacting flows, have not been included.
This is justified by the recent work of McLaughlin,35 which
has shown that chemically reacting flowfield effects have min-
imal effect on the inviscid flows over hypersonic waveriders
because of the generally small surface angles, and, hence,
relatively weak shocks. In fact, chemically reacting effects
may be important for the boundary-layer properties on a
hypersonic waverider; this is an area for future investigation.

Finally, we note that the shapes of the waveriders shown in
Figs. 7 and 8 for the atmospheres of Venus and Mars, respec-
tively, do not, in general, differ greatly from those for the
Earth's atmosphere, as presented in Refs. 18-22. The differ-
ences that are apparent are primarily due to the different
values of Reynolds number and, to a lesser extent, the Mach
number used in each case. Differences in the chemical compo-
sition of each atmosphere, as characterized by 7, has a mini-
mal contribution to these variations.

Conclusions
In the present paper, we have
1) presented the first hypersonic waveriders designed for

planetary atmosphere applications.
2) shown that high L/D values can be obtained, particularly

for the case of flight through the atmosphere of Venus.
3) indicated that the use of Venus rather than Mars for an

aeroassisted trajectory modification is preferable, due to the
exceptionally high L/D values (as high as almost 15) obtained
for Venus.

4) shown that the general, overall shapes of the waveriders
designed for Earth, Mars, and Venus are essentially the same
general configuration—no dramatic differences in shape oc-
cur.
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