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The aerodynamic performance of a vehicle designed to execute an aerogravity-assisted maneuver, which
combines a gravitational turn with a low-drag atmosphere pass, is examined. The advantage of the aerogravity-
assisted maneuver, as opposed to a more traditional gravity-assist trajectory/is that, through the use of a
controlled atmospheric flight, nearly any deflection angle around a gravitating body can be realized. This holds
the promise of providing extremely large values of AF. The success of such a maneuver depends on being able
to design a vehicle which can execute sustained atmospheric lifting flight at Mach numbers in the range of 50-100
with minimal drag losses, thereby implying the use of hypersonic waveriders designed for high L/D. Some
simple modeling is used to demonstrate design rules for the design of such vehicles and to estimate the
deterioration of their performance during the flight. Two sample aerogravity-assisted maneuvers are detailed,
including a close solar approach requiring modest AF arid a sprint mission to Pluto. !

Nomenclature
a = speed of sound
M. == waverider aspect ratio
C = aerodynamic force coefficient
D = drag, N
G = gravitational constant
Kn = Knudsen number
L = lift, N
t = waverider overall length, m
M = Mach number
m = secondary body mass, kg
n = viscosity power law coefficient
q = dynamic pressure, atm
R = body radius, m
r = orbital radius, km
t = time variable, s
V - velocity magnitude
V = normalized velocity
w - waverider base width, m
x = linear dimension
AF = change in velocity magnitude, km/s
6 = orbital angular deflection, rad
6 = angle of arc through atmosphere, rad
X = molecular mean free path, m
jn = viscosity
v = gravitational constant times planetary mass
p = density, kg/m3

$ = total deflection angle of arc, rad
(/> = planform half angle, rad
X = viscous interaction parameter

Subscripts
c = circular orbit value
e = property above boundary layer
£ = referenced to vehicle length
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LE = leading edge
o = reference value
p = value at pefiapsis
w — wall value
x = streamwise value
1 = initial or approach
2 = final or exit
oo = value at infinite distance or freestream

Introduction

A EROGRAVITY-ASSISTED interplanetary trajectories
are an application of hypersonic aerodynamics to orbital

maneuvering in which aerodynamic lifting forces are used to
modify a vehicle's trajectory. An aerogravity-assisted flight is
similar to aerobraking,1 although, whereas aerobraking uses
aerodynamic drag forces to decelerate a vehicle, an aerograv-
ity-assisted flight would use lifting forces to redirect velocity
with a minimum of energy loss.2 Aerobraking would use high-
drag hypersonic configurations to reduce orbital velocity in
the atmosphere, but aerogravity-assisted vehicles must be de-
signed to provide minimum drag for a given desired lift.

The concept of using lifting forces for control during the
atmospheric flight portion of spacecraft trajectories is not,
new. Re-entry maneuvers typically use lifting forces to control
the trajectory,3 as will some proposed aerobraking concepts.
For instance, the Apollo command module, with an L/
D — 0.4, used lifting force to augment gravity in its high-speed
entry from the moon. However, the dominant force in these
maneuvers is still drag, and the vehicle designs reflect that
philosophy.

In the aerogravity-assist maneuver pictured in Fig. 1, a high
L /D vehicle executes a cruising atmospheric pass through the
atmosphere of a suitable planet and exits that planet's atmo-
sphere back out to space, in order to boost or reduce its
velocity en route to a final destination. In this way, the aero-
gravity-assisted maneuver is nearly identical to the more tradi-
tional gravity-assisted flight that has become common for
interplanetary trajectories, with the exception that the atmo-
spheric flight permits far greater angular deflections around
the planet and thus substantially increased velocity incre-
ments. Randolph and McRonald4 have explored applications
of this concept for close solar approaches and trajectories to

\the outer planets. The more angular deflection that can be
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flight path
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Fig. 1 Generic aerogravity-assisted maneuver, in planet-relative
frame, showing angles and velocity change.

180-r

Fig. 2 Total deflection angle that can be achieved if final velocity is
90% of initial velocity, for various values of L/D.

accomplished, the greater the velocity increment in the abso-
lute frame of reference, which is the primary advantage of the
aerogravity assist.

The success of an aerogravity maneuver will depend on
whether configurations which supply the required lift can be
built with correspondingly small drag. If drag is prohibitively
high, energy losses during the atmosphere pass will negate the
advantages of the maneuver. Indeed, the analysis below will
show that the configurational ratio of lift-to-drag (L/D) is the
governing parameter in determining energy losses through the
maneuver,5'6 a fact which is not surprising given that the
atmospheric flight is nearly constant-speed cruise.

A successful aerogravity-assisted maneuver would require a
configuration with high lift-to-drag ratio, relative to tradi-
tional re-entry shapes, to minimize energy losses due to atmo-
spheric drag while energy is being gained through the use of
lift. Figure 2 demonstrates this by presenting a plot of deflec-
tion angle that can be accomplished with 10% energy loss vs
the incoming velocity normalized to circular orbit velocity at
periapsis, as a function of L/D. Not surprisingly, at higher
L/D, there are fewer losses for a given required lift. Figure 3
provides another indication of this effect by displaying the
velocity at exit from an aerogravity-assisted flight which exe-
cutes a 135-deg turn, vs the normalized incoming velocity,
once again as a function of L/D.

The requirement for high L/D immediately suggests the
class of configurations known as *'waveriders," first con-
ceived by Nonweiler in 1959.7 Waveriders are vehicles that are
designed so that the bow shock is everywhere attached to the
sharp leading edge. In this way, the vehicle is riding on a

cushion of high-pressure fluid, which is contained between the
bow shock and the under surf ace. Because waveriders have
shown both theoretical and experimental promise of providing
the highest possible values of L /D, this paper will focus on
that specific application.

If the aerogravity-assisted flight is to be viable, several
questions must be explored in regard to waverider perfor-
mance:

1) What values of realistic L /D ratios can be expected for
aerogravity-assisted vehicles, and can these be sustained
throughout the flight?

2) What levels of heating can be expected on such a vehicle?
3) How much acceleration will be experienced by the vehi-

cle (of particular importance if a crew is present)?
4) What control issues must be identified, and are there

reasonable hopes of controllable flight under required trajec-
tory conditions?

5) Can the same aerodynamic configuration be used for
more than one aeropass, possibly at different planets?

It will be the goal of this present work to address some of
these questions, at least in application to the specific trajecto-
ries cited, and to suggest possible limits for other aerogravity-
assisted flight operations.

Applicability of the Waverider for High L/D
The preceding arguments have served to emphasize that the

effectiveness of these sorts of planetary maneuvers depends on
the realization of high values of L/D. This will require the use
of a waverider. Waveriders are a family of flight configura-
tions that are derived by solving for a flow surface which
intersects a known shock flowfield, such as that generated by
a cone or power-law body. The process of designing a wave-
rider has been described extensively in previous work.8 The
advantage of the waverider is that the shock is everywhere
attached to the outer edge of the vehicle. This prevents spillage
and so permits the vehicle to derive maximum lift from the
shock compression.

In fact, waverider designs have been analyzed which would
provide reasonable values of L/D. The work by Bowcutt et
al.9'10 and Corda and Anderson8 resulted in a family of opti-
mized waverider designs wherein the effects of skin-friction
drag were included within the optimization process. These
waveriders demonstrate the potential for higher lift-to-drag
ratios and/or lower minimum drag coefficients than other
hypersonic configurations examined to date.

A typical "viscous-optimized" waverider is shown in Fig. 4,
which is a three-view of a waverider designed for Mach 20
operation in Earth's atmosphere. This particular waverider is
2 m long and has been optimized for both maximum L /D and
high volume at 60-km altitude. Planetary waveriders have
been shown to closely resemble terrestrial designs at similar
Mach number and dynamic pressures.11

Normalized V

Fig. 3 Velocity at completion of an aerogravity-assisted maneuver
as a function of L/D ratio, assuming 135 deg total turning angle.
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Aerogravity-Assisted Trajectories
Figure 5 presents a schematic of the trajectories followed by

a waverider in an aerogravity-assisted flight to either the sun
or an outer planet such as Pluto. The following are two such
representative traj ectories.

Earth-Venus-Mars-Sun
The Earth-Venus-Mars-Sun (EVMS) aerogravity-assisted

trajectory of primary interest would be suitable for the pro-
posed Jet Propulsion Laboratory Solar Probe Mission, the
goal of which is to place an instrument package within four
solar radii of the sun (0.0186 AU). To accomplish this mission
without benefit of an assist would require total AF of 24
km/s.

The EVMS mission begins on June 14, 2007, with an Earth
launch and AF of 6.20 km/s. The vehicle reaches Venus on
August 10, 2007, with an approach velocity of 17.47 km/s,
enters the Cytherean atmosphere at Mach 80, and turns
through 79.47 deg, of which 62.76 deg occurs in the atmo-
sphere, which launches it on a trajectory toward Mars. Mars is
reached on October 23, 2007, with an approach velocity of
24.81 km/s, leading to flight at Mach numbers in excess of
100. The vehicle turns through a total of 82.68 deg around
Mars, including 80.43 deg in the atmosphere, reaching aphe-
lion on November 16, 2007, and solar perihelion on March 20,
2008.

Without the Cytherean aeroassist, a simple gravity assist
could accomplish at most 16.53 deg, assuming closest passage
at 160 km altitude, the lower extent of the Cytherean exo-
sphere. This means that an extra 62.94 deg is accomplished by
flying through the atmosphere of the planet. Note that the
angular deflection that has been added by the maneuver is
slightly higher than the actual deflection that occurs in the
atmosphere, which was just quoted. This is because the
aeropass results in some loss of velocity, so the outgoing
hyperbolic turn has a larger angular deflection, and because
the radius of closest approach to the planet is reduced, which
also increases the overall angular deflection along the hyper-
bolic portions of the flight.

One way to think about the aeroassisted trajectory is to treat
it as a traditional nonaerodynamic gravity-assisted maneuver
with a substantially reduced radius of periapsis. The trajectory
under consideration would have an "effective radius" of 601
km closest approach. This means that the aeromaneuver at
altitude produces the same result as a nonaeroflight at a peri-
apsis which is 5568 km beneath the planet's surface (neglecting
velocity loss due to drag). At Mars, a simple gravity assist
would provide 2.20-deg deflection with 130-km altitude closest
approach, so the aeroassisted maneuver adds 80.48 deg to the
deflection angle. In this way, it resembles a simple gravity
assist with an effective periapsis radius of 35.77 km from the

To Pluto

on-design shock wave
attaches here

base view top view

Mars

• Initial position of • Position of Venus
planets during aero-pass

© Position of Mars during aero-pass

Fig. 5 Typical waverider shape, in this case a 2-m-long vehicle opti-
mized for maximum L /D and volume, designed for flight at 60-km
altitude at Mach 20 in Earth's atmosphere.

center of the planet. Although this modeling has included drag
losses, it is in fact possible that these losses could be offset,
perhaps with exhaust from an active cooling system.

Earth-Venus-Mars-Pluto
The Earth-Venus-Mars-Pluto aerogravity-assisted trajec-

tory has been proposed to provide a rapid flight to the outer-
most planet. The proposed trajectory, which would launch on
October 26, 2013, reaches Pluto almost exactly 5 years later.
This is in contrast to the 12-15 years that would be required for
a more conventional trajectory.

Initial AF is 5.09 km/s, with an aphelion 2 days later,
followed by an aerogravity-assisted turn at Venus on January
5, 2014, with an approach velocity of 13.85 km/s, and a
turning angle of 116.05 deg, of which 91.20 deg is accom-
plished in the atmosphere while flying at Mach 70. This puts
the vehicle on course to Mars, approaching on March 27,
2014, with velocity 24.43 km/s and a resulting 76.70-deg turn,
of which 74.35 deg occurs in atmosphere, with subsequent
approach to Pluto on October 26, 2018.

The atmospheric maneuver at Venus adds 91.71 deg to the
24.34 deg that could be accomplished with a traditional grav-
ity assist. The aerogravity assist looks like a traditional gravity
assist with periapsis radius of 303 km from the center of the
planet. At Mars, only 2.31 deg could have been accomplished
with a gravity-assisted flight; the remaining 74.38 deg is real-
ized in the aeroassist. This would correspond to a gravity turn
at 43.95 km periapsis radial distance from the planet's center.

Aeroassisted Hyperbolic Trajectory
The dynamics of an aerogravity-assisted vehicle will be re-

viewed briefly. A trajectory with an atmospheric passage pro-
vides unlimited capability to modify the flight direction, with
the constraint that velocity magnitude is lost to drag during
the course of the flight. A vehicle entering the atmosphere will
experience a deceleration given by

dV= -(D/m)dt (D

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

dF = - [L/(L/D)m] dt (2)

Fig. 4 Schematic of representative flights performing aerogravity
assists in the atmospheres of Venus and Mars.

The time of flight can be related to the arc length 9 traveled at
radius r in the atmosphere since V dt = r dG. If it is assumed
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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 augment gravity and maintain con-
stant r:

(3)

(4)

so that Eq. (2) can be rewritten as

= -(L/D)-l[V-(v/rV)\ d0

This can be integrated, with the goal of expressing the
velocity as a function of 0, provided that the variation of the
L/D ratio with flight velocity is known. Off-design perfor-
mance of a hypersonic waverider is not well known and is in
fact a current topic of research. There is a traditional suspi-
cion that waveriders will perform poorly at off-design condi-
tions, although the rule of hypersonic Mach-number indepen-
dence suggests that, in fact, the L/D ratio should be relatively
insensitive to changes in Mach number alone. Indeed, the
governing geometry becomes insensitive at high Mach num-
bers.12

The dominant variation in vehicle performance will be a
result of the reduced lift requirements as flight velocity is lost
to drag. Consider for instance a vehicle which enters an atmo-
sphere at a speed in excess of orbital velocity and at some
assumed high value of L/D. At the point where drag reduces
the velocity to orbital speed no aerodynamic lift is required, so
L/D will have dropped to zero. This is of course an unusual
case, as normally the vehicle would exit the atmosphere, com-
pleting its atmospheric maneuver before its velocity fell to
orbital speed.

In this example, lift could be reduced by either changing
angle of attack, increasing flight altitude, or both. Changes in
angle of attack will result in variations in the coefficient of lift
CL and the coefficient of drag CD and therefore the lift-to-
drag ratio L/D. On the other hand, increasing flight altitude
will have minimal effect on the lift and drag coefficients while
changing the magnitude of lift by reducing the ambient density
since lift is proportional to p. Increasing altitude will decrease
the Reynolds number and thereby increase viscous effects such
that drag coefficient is increased.

With the assumption of constant L/D, Eq. (4) can be
solved directly. The vehicle will travel through an angle 9 at
altitude r where

f 7 >
9 = - I —

W.IK, V-v/rV (5)

(6)

in which it is assumed that L /D is approximately constant or
at least can be characterized by some constant value during the
flight. Note that this assumption will fail as the vehicle's
velocity approaches the circular orbit velocity, for under those
circumstances lift goes to zero, and with fixed L/D, so does
drag.

The atmospheric exit velocity can be written in terms of the
atmospheric entrance velocity:

-20
F2= eWV{- (7)

To treat the entire maneuver in "black box" manner, with an
input velocity and output velocity, it is convenient to relate
final velocity at infinity in terms of the initial relative ap-
proach velocity:

Foo2 =
-2e -29

Note that, as expected, drag in the planetary atmosphere has
decreased the incoming velocity by an amount governed by the
exponential scale factor 2Q/(L/D). The total turning angle $,
including gravity-only and atmospheric components, is5

= 9 + sin-1 - —— -r- + sin-1 - —— -r-
1 + rV2/v] L 1 + rV2/v\ (9)

Aerodynamic Modeling and Performance Losses
Viscous Scaling

A viscous-optimized waverider is designed with a single
goal, usually of providing maximum L/D under suitable geo-
metric constraints; however, since waveriders are configured
for a single design point (both Mach number and Reynolds
number) attention must be paid to the off-design performance
of the vehicle in an aeromaneuver.

It is likely that, during flight, the L/D will decrease from
the optimum design value. Furthermore, it is likely that, under
the extreme heating conditions characteristic of an aerograv-
ity-assist atmospheric cruise, the waverider will be losing lead-
ing-edge material and the resulting bluntness may also de-
crease L/D. In this section, we will attempt to model the
off-design performance of a waverider and determine some
simple strategies for adjusting the generated lift so as to max-
imize L/D throughout the flight.

Although waveriders have associated with those flowfields
that are fundamentally three dimensional, the very nature of
the waverider permits some important simplifications. Stream-
lines on a waverider tend to be highly two dimensional, be-
cause the attached bow shock prevents secondary flow around
the leading edge. Thus, it is relatively accurate to model wave-
rider flow as moving straight back along the surface of the
vehicle. The waveriders of most interest are designed from
axisymmetric flowfields, such as that associated with a cone;
however, experience has shown that optimization processes
tend to result in shapes which reside in regions of the design
flowfield with relatively small curvature. In other words, even
though the waverider may be carved from a three-dimensional
flowfield, it is still generally accurate to model it as a two-di-
mensional surface with nearly planar shocks. In this respect,
waveriders have a gross resemblance to delta wings, though
the promised L /D is higher. Finally, it is reasonable to assume
that the requirement for a sharp leading edge will result in
insignificant bluntness effects.

In hypersonic aerodynamics, a fundamental nondimen-
sional number is the viscous interaction parameter x> which
indicates the strength of interactions between a shock wave
and the boundary layer on a surface:

(10)

where C = (p/*)Waii/(p/Omviscid- At values of x>3, the shock
above a surface interacts strongly with the boundary layer on
that surface.13 From this, a length can be derived which indi-
cates whether strong interactions are important:

Strong = (11)

Assuming constant pressure normal to the surface and using a
power-law approximation for viscosity, C can be written in
terms of temperature only:

Strong = (l/9)[M^(rwall/rinviscid)w - (12)

With an adiabatic wall and assuming that wall temperature is
approximately the total temperature, this can further be ap-
proximated as

d/9)[M>« + 3[(7 - D/2]" d3)

(8)
Using Chapman's result that relates viscosity to mean free
path, jLt^0.67/oXtf, the interaction length becomes xstr0ng =
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0.074M2w + 3[(7- l)/U]n~l\. In air, with 7= 1.4 and n =
0.67, Jtstrong = 0.126M£34X, whereas in a CO2 atmosphere such
as that of Mars or Venus, with y = 1.33 and n = 0.79, Strong =
0.108M£58X.

For conditions associated with all of the portions of the
Venus and Mars aeroassisted trajectories, the strong interac-
tion length will be on the order of tens to hundreds of meters.
Thus, except in cases of highly cooled walls, these planetary
waveriders must be designed with strong interactions between
boundary layer and shock considered. This will increase drag,
decrease lift, change moments, and generally result in differ-
ent optimized waverider shapes than those designed without
considering strong interactions.

Lift Approximation
Using the principles just stated, flow over a waverider will

be modeled here with straight streamlines over a delta-shaped
flat plate at some apparent angle of incidence. If the waverider
is at apparent incidence angle 6 and has area A, Lee's modi-
fied Newtonian theory predicts, for small angles and high
Mach numbers, lift

L = (14)

where CPmax =1.84 for terrestrial air and 1.86 for the CO2 of
the Martian and Cytherean atmospheres.

Newtonian theory is inaccurate at small angles of incidence
and is best used as a basis of comparison for other more
accurate solutions. Lift is better estimated with tangent wedge
theory, which predicts a shock pressure ratio over an inclined
surface of

1
M202 (15)

In the limit of M202 > 1, pe/pw « y[(y + 1)/2]M202.
For flight conditions of interest here, this pressure ratio

must in turn be modified for strong interaction effects. White
has developed estimates of the pressure distribution over an
inclined surface with shock-boundary-layer interaction effects
included, as an extension of the flat-plate strong interaction
work of Bertram and Blackstock.14 In general, flight Mach
numbers for these craft, especially on interplanetary trajecto-
ries, will be in the range of 30-100, and effective deflection
angles will be at most 5-10 deg. This will lead to values of
M202 » 7-300. With M0> 10, pressure on a cold inclined sur-
face, relative to freestream pressure, is

EL « i + T(T + !)M202 + 0.15x(7 - 1)V2T(T + 1) (16)
Poo 2

This would represent the pressure at some position along a
streamline which corresponds to a given value of x on the
lower surface of a waverider. Note that it is the tangent wedge
pressure with an added contribution due to shock-boundary-
layer interaction.

The upper surface will be aligned with the freestream, or
nearly so, so that the pressure distribution there comes from
the result of strong interaction on a flat surface,14 which

indicates that the pressure ratio is insensitive to angle, so long
as the angle is nearly zero.

pe/P«, « 1 + 0.61(7 - 1) (17)

This equation is strictly for insulated surfaces; for a com-
pletely cooled wall the additional pressure due to the strong
interaction is roughly one-fourth the value that would be
calculated with Eq. (17). Substituting for x from Eq. (10), and
using a similar development to that for Eq. (13), and substitut-
ing for properties of CO2, these expressions become as fol-
lows:

Lower surface:

1 + 1.55M202 + 0.12M22V#« (18)

Upper surface:

1 + 0.40M2 2V*« (19)

where Kn is Knudsen number \/x. Integrating the upward
component of the net pressure on a triangular planform of
length I, width w, and aspect ratio M. = 2w/£, with a lower
surface at angle 0 to the freestream, as shown in Fig. 6, lift is

{Ml/4 f»4y/A |~
1.

o Jo L
55M202

+ (0. 12Vcos 0 - 0.40)M2-2Vx7x dx dy

« pt/2[0.2902 - (0.15 + 0.0202)M£2V£«j

(20)

(21)

Fig. 6 Nomenclature for simple model of waverider flowfield.

where Kne is the Knudsen number based on overall vehicle
length. Note that the effect of viscous interactions, contained
in the Knudsen-number-dependent term, will reduce the lift
for all practical waveriders and that this effect is a very weak
function of Mach number and 0. Strong interaction effects are
in fact sensitive to MS for moderately large values of that
similarity parameter, but in the case of planetary vehicles the
upper surface has M0 too small and the lower surface has MB
too large for the effect to be of significance. For small Knud-
sen number, the lift is simply the tangent wedge solution; since
the area of the triangular planform is A = V4(£2A), lift will be
L = l.llpU262A in the Cytherean and Martian atmospheres,
which is about 20% higher than the prediction of modified
Newtonian theory.

Drag Prediction
Following the preceding arguments, waverider drag perfor-

mance will be modeled by dividing the drag into three basic
components: 1) wave drag, 2) skin friction, and 3) leading-
edge bluntness.

To do so, the waverider will once again be assumed to have
a delta planform, which ignores the fact that waveriders in
fact tend to have curved leading edges and often blunted
frontal regions. With length £, width w, and aspect ratio
& = 2w/f, leading-edge length is £[1 + ^2/16]1/2. Strong inter-
action effects will tend to increase both wave drag and skin
friction by making the shock waves stronger and reducing
boundary-layer thickness (and thus increasing gradients). The
former effect can be reduced by proper shaping of the surface
and is generally of less importance than the latter phenome-
non.

Wave Drag
Wave drag can be estimated from the shock-pressure ratio

following the method by which lift was estimated. It has
previously been seen that strong viscous interaction effects are
most significant on the upper surface; since these will not
contribute greatly to drag, tangent wedge theory will be used
to estimate drag: D = l.llpU2A63 in a CO2 atmosphere. Sub-
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stituting for planform area in terms of overall length and
aspect ratio,

^Newtonian = 0.29pC/2£2 (22)

Once again, the angle 0 is an "effective" angle of incidence to
the flow, which is best defined in terms of the aerodynamic
performance.

Leading-Edge Bluntness
Newtonian theory is quite accurate in predicting forces on

blunted objects. Force on a cylinder with radius RLE is
DLE = 1/3CjPmaxp(/n0rmal^jL£5', where s is the length of the cylin-
der and C/normai is the velocity normal to the cylinder. The
leading edge will be modeled as resembling a half cylinder. For
a CO2 atmosphere, the two waverider leading edges will there-
fore experience a normal force FLE = l.24pU*ormalRLEe[l +

The normal velocity, t/normai which appears in the drag
equation, is the component of the freestream velocity perpen-
dicular to the leading edge. If the leading edge makes an angle
<t> with the freestream, the component of force on the cylinder
opposing the motion of the vehicle will be the net drag,
DLE = \.24pU2 sin </>3RLE2[l + ^2/16]1/2. Note that the sine of
the relative angle $ is cubed in this equation, since it appears
not only in the velocity term but also in the direction in which
net drag is transmitted to the vehicle.

The leading-edge radius is most readily considered in terms
of the overall length of the vehicle, so it will be more conve-
nient to define RLE = RLE/%- The angle <j> can be defined in
terms of the dimensions just defined: sin <t> = jR/[16 + ^]1/2.
Thus, the leading-edge bluntness drag is

DLE = Q. (23)

This development has assumed that all of the waverider
leading-edge bluntness contributes to drag. This is true if there
is neither anhedral or dihedral. In fact, waverider designs tend
to exhibit anhedral, so some of the force generated on a blunt
leading edge may contribute to the lift of the vehicle if the
leading edge has an effective incident angle with the free-
stream. If the apparent anhedral angle of the leading edge goes
to 90 deg downward, leading-edge bluntness makes no contri-
bution to drag if the leading-edge incidence angle is zero
relative to the flight direction. For small leading-edge inci-
dence, bluntness produces more lift than drag, so large an-
hedral can be used to increase L/D with bluntness. Thus, this
development is a worst-case drag model.

Several other effects of leading-edge bluntness have not
been included in this analysis and require a development which
is beyond the scope of this treatment. As the leading edge
blunts, the pressure gradient at the leading edge will become
increasingly more favorable to the surface boundary layer.
Thus, the increase in drag due to bluntness may be offset by
diminished viscous losses on the rest of the vehicle. Further-
more, increased bluntness may mean reduced temperatures at
the leading edge, which will also reduce viscous losses there.
This once again suggests that the preceding model will over-
predict the effect of bluntness in increasing drag. A negative
aspect of leading-edge bluntness that has not been included
will be that the bow-shock detachment distance will increase,
thereby permitting flow leakage from the lower surface and

Table 1 Maximum L /D and corresponding 0
for Venus aero-assist waveriders

Waverider length £ 0max. L/D, deg L/Anax.

1
10
50

100

10.2
5.8
4.0
3.3

2.8
5.0
7.3
8.7

0 1 10
Waverider Length, in m

Fig. 7 Variation in maximum L/D with vehicle length, for flight at
80 km in the Cytherean atmosphere. Note that for long vehicles, wave
drag dominates and high values of L/D are realizable; for smaller
vehicles, Reynolds numbers are also smaller for a given altitude, and
this viscous drag dominates the performance.

reducing the flowfield containment effect of the waverider
shape.

Viscous Surface Drag
The very high Mach numbers associated with aeroassisted

flight suggest that boundary layers will be entirely laminar
over all but the largest of waverider bodies. Once again, the
waverider permits the assumption that streamlines run straight
back along the vehicle surface, so that the drag may be esti-
mated by integrating over the entire vehicle area as a series of
two-dimensional streamlines.

Reynolds analogy can be modified for a hypersonic flat
plate, and the result is that the skin friction is given by

(24)

wherepe/p<» is the ratio of inviscid shock-layer pressure to the
freestream pressure, and C is the Chapman-Rubesin parame-
ter already defined. White13 has integrated along a surface of
length £ with a pressure distribution that is linear with x, such
that

the coefficient of drag along a streamline of length £ is

CD = 1.328

MT
LVTT (26)

For the upper surface, P0 = 1 and k = 0.35M£29VX; on the
lower surface, P0 = 1.55M202 and k = 0.12M2-29VX. Observe
that the upper surface has greater wetted area than the lower
one because of the chosen prismatic configuration; while the
lower surface area is approximately ^4iower = &R/4, the upper
surface area is, following the model of Fig. 6, Aupper =
£2Vtan20 + &2/16. The overall drag coefficient is then the sum
of the integral of streamline CD over both surfaces.

For the special case of small Knudsen number,

- + tan20 [ (27)
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In a CO2 atmosphere,

tan20 (28)

Designing for Maximum Lift/Drag
Using the preceding results for lift and overall drag, several

design trends will lead to maximize L/D:
1) Overall length f should be as large as possible.
2) When significant leading-edge bluntness is present, as-

pect ratio should be decreased (i.e., wider waveriders are un-
desirable).

3) In the absence of leading-edge bluntness, aspect ratio has
little effect on L/D for a given overall length.

4) Altitude should be as low as possible.
Table 1 presents maximum L /D values for the Venus cruise

portion of the Earth-Venus-Mars-Sun trajectory as a function
of vehicle length. All waveriders are designed for 80-km alti-
tude in the Venus atmosphere. Note that the larger the vehicle,
the higher the value of L/D that can be obtained because
viscous drag is reduced relative to other forces. Also shown is
the effective incident angle 6 associated with maximum L /D.
Smaller vehicles tend toward larger 0 because wave drag must
offset viscous effects. These simple analytical results match
computational results extremely well. Figure 7 summarizes
maximum L/D across a wide range of vehicle lengths.

Generally, leading-edge bluntess will have a negligible effect
on L/D as typical values of RLE will be on the order of
10~2-10-4. Figure 8 presents L/D for a 10- and a 50-m-long
waverider at 80-km altitude in the Venus atmosphere. Note
that for the expected range of bluntness, leading-edge effects
are barely noticeable. This is particularly reassuring if leading-
edge ablation is to be expected.

The analytical model predicts that L/D performance is
nearly independent of aspect ratio. This has been confirmed
by detailed computational codes, which have occasionally pro-
duced multiple optimized waveriders for certain flight condi-
tions which vary dramatically in width for a given length but
have nearly identical L /D. This also implies that ablation will
have negligible effect on the waverider performance unless
leading-edge bluntness is so severe that the pressure contain-
ment provided by the leading-edge bow-shock attachment is
lost.

Calculations of the L/D ratio suggest that the fractional
decrease in L /D associated with lift reduction during the flight
is greater at higher values of L/D. Examples will be presented
below. This result is understandable since high L/D typically

10~4 10"2

Leading Edge Radius, in m
10U

Fig. 8 Variation in maximum L/D with leading-edge bluntness, for
flight at 80 km in the Cytherean atmosphere. Two lengths are consid-
ered, 10 and 50 m.

translates into very small drag, so any change in vehicle per-
formance that produces noticeably more drag will have a
strong effect on L/D. It is further apparent that the waverider
aerodynamic performance will be more constant through an
aerogravity assist if 1) the waverider is as long and wide as
possible; 2) flight is at the lowest possible altitude; and 3)
velocities are as high as possible, since required lift scales
approximately with the square of flight velocity.

Unfortunately, the trend to flight at lower altitudes will also
increase the heating problems on the vehicle. Temperature
estimates will be presented below for sample waverider flights.
Radiative equilibrium was assumed at the stagnation point
with emissivity of 0.8, balanced by the energy released in the
dissociation of CO2, 382 kcal/g-mole.

Sample Atmospheric Flight
In the Earth-Venus-Mars-Sun mission, the preceding con-

cepts can be demonstrated for a sample waverider vehicle.
Consider a satellite with mass 5000 kg on a waverider that is 10
m long and 2 m wide.

With an approach velocity of 17.470 km/s, the spacecraft
will enter the Venus atmosphere at 20.25 km/s, at about Mach
80 (compared to Mach 65 for Galileo's Jovian entry), at 80-km
altitude. With a 20-cm leading edge, stagnation temperatures
will reach 10,000 K; 14,000 K with a 10-cm radius, neglecting
ionization effects. The spacecraft flies through approximately
62 deg for 5 min 34 s; with constant L/D =7, the spacecraft
loses 2.53 km/s to drag; with a more likely L/D = 5, the loss
is 3.37 km/s. Although the initial velocity could be increased
to compensate for this loss, it is best made up with an engine
firing at the end of the maneuver, as shown in Ref. 15.

Acceleration will be 5.75 terrestrial g at the start of the
maneuver, dropping down to 4.2 g at atmospheric exit. These
values are higher than those typically specified for sustained
human flight (3 g), but within the range commonly experi-
enced by pilots.

The preceding modeling estimates that, with an initial L/
D = 7, it will emerge with final L/D = 5.8; and with initial
L/D = 5, the final L/D = 4.8. Higher L/D vehicles will
suffer a noticeable loss in performance, reducing their overall
advantages vs lower L/D shapes. At exit stagnation heating
will have abated, so the 10-cm-radius leading edge will have
equilibrium temperature of 13,500 K, and the 20-cm radius
will be at 8350 K. The waverider leaves Venus at 14.459 km/s
relative speed if initial L/D =7, having lost 3.011 km/s to
drag losses; with initial L/D = 5, the loss is 4.05 km/s. The
total AF of the maneuver is 21.64 km/s at L/D = 7.

Conclusions
The use of aerodynamic lifting force for the manipulation

of spacecraft trajectories depends ultimately on the feasibility
of designing hypersonic configurations with L/D values of
approximately 7-10 and retaining that performance for the
duration of the flight. Regardless of the details of the particu-
lar atmospheric trajectory chosen, higher L/D always trans-
lates into a more effective aeroassisted flight because it enables
larger angular deflections for a given energy loss.

This work has used simple modeling to address some basic
performance questions. For the trajectories featured here,
acceleration levels and heating rates are beyond the limit of
current technology. Although unmanned spacecraft may be
capable of 6 g sustained flight, 14,000 K leading-edge temper-
atures for 5-min intervals go beyond even the extremes of
temperatures predicted for the Galileo atmosphere probe
(11,000 K). However, they are not so large that it is impossible
to envision future technology capable of accepting such a
thermal environment.

Aerodynamic performance will certainly suffer during an
aeroassisted flight. In the example presented, a drop in L/D
from 7 to 5.3 is not particularly dramatic, but it does translate
directly into losses that must be compensated for with on-
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board propulsion. This also suggests that the advantages of
high L /D are not as great as the constant L/D predicts. Also,
the dependence of L/D on viscous effects and the strong
influence of ambient density through the Reynolds number
casts doubt on the viability of using one waverider shape for
more than one aeropass at different flight conditions.

If they are viable, some general design rules should be
adhered to in designing planetary waveriders. The dimensional
arguments suggest that, for maximum aerodynamic effi-
ciency, they should be as long as possible, although width has
little impact on performance. Additionally, low-altitude
flight, which results from high required wing loading, pro-
vides better performance, albeit at the cost of higher heating
rates.

This work suggests that more concern should be devoted to
the off-design characteristics of waverider s, not only for
changes in Mach number and angle of attack but changes in
ambient density as well. A study of the effect of leading-edge
bliintness on the leading-edge attachment is sorely lacking, in
addition, more detailed studies of heating patterns and an
address of control issues will be paramount if the aerogravity-
assisted flight concept is to be made a viable option for space
mission planners.
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