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Introduction

I N 1961, Howard London presented a paper2 at the 29th
Annual Meeting of the Institute of the Aeronautical

Sciences in which he demonstated the possibility of using
aerodynamic forces to produce an orbital plane change with
an expenditure of energy significantly smaller than that
associated with an extra-atmospheric propulsive maneuver.
Since that time, numerous studies of aeroassisted orbit
transfer have been carried out for a wide variety of Earth-
orbital and planetary missions. Almost any mission that in-
volves changes in orbital altitude and/or inclination in the
vicinity of an atmosphere-bearing planet is a candidate for
aeroassist. For ease of discussion these many possible mission
applications may be categorized as 1) synergetic plane change,
2) planetary mission applications, and 3) orbital transfer vehi-
cle applications.

The term, synergetic plane change, is commonly used to
denote a maneuver in which a change in orbit inclination is ac-
complished through a combination of aerodynamic and pro-
pulsive forces rather than through propulsion alone. While the
maneuver is applicable to any planet with a suitable at-
mosphere, practically all studies to date have dealt with low
Earth orbit missions.

As illustrated in Fig. 1, a retrorocket burn causes the vehicle
to leave its initial low Earth orbit (LEO) and dip into the at-
mosphere. During the atmospheric pass, the vehicle is banked
so that the lift vector is in a lateral direction, thus producing
an aerodynamic turn. As will be discussed subsequently, this
turn is often accomplished with continuous thrusting suffi-
cient to balance the aerodynamic drag. Following the
aerodynamic turn, the vehicle is reboosted to the desired or-
bital altitude and a rocket burn is effected to circularize the or-
bit (shown by the dashed low Earth orbit in Fig. 1).

The typical orbital transfer vehicle (OTV) maneuver is in
many ways similar to the synergetic plane change. In the OTV
case, however, the vehicle is initially in a high Earth orbit
(HEO)—geosynchronous in most studies—and must undergo
a sizeable velocity decrement in its transfer to LEO as il-
lustrated in Fig. 1. This velocity decrement is more efficiently
achieved through a combination of aerodynamic drag and
propulsion than through propulsion alone. The OTV mission
usually involves some change in orbital plane—for instance,
the return from geosynchronous orbit to a typical Shuttle orbit

involves a plane change of 28.5 deg. If the OTV is a lifting
configuration, some of the required plane change can be
achieved by banking the vehicle as in the synergetic plane
change maneuver.

In planetary mission applications, aeroassist is again used to
produce a velocity decrement through aerodynamic drag. For
these missions two distinctly different applications of
aeroassist have been studied: 1) aerocapture in which the
velocity decrement achieved in a single deep atmospheric pass
is sufficient to transfer the vehicle from its hyperbolic ap-
proach trajectory to a target orbit about the planet (i.e., the
vehicle is captured by the planet's gravitational field); and
2) multipass aerobraking in which the vehicle is transferred
from its approach trajectory to a highly elliptic orbit about the
planet by a rocket burn and then the orbit is circularized by
many high-altitude atmospheric passes, each followed by
small corrective rocket burns at apoapsis to maintain the
periapsis altitude low enough to produce the desired drag
decrement but high enough to avoid excessive aerodynamic
heating. The first type of planetary application, as illustrated
in Fig. 1, is similar to the OTV maneuver except that it usually
has a larger velocity excess and no plane change. The second
type of planetary application is illustrated in Fig. 2. As is also
illustrated in Fig. 2, this type of multipass orbit lowering has
also been studied for the GEO-to-LEO OTV mission.

In the intervening years since London presented his paper in
1961, many studies have been carried out and a rich literature
has developed. In the process of researching the present paper,
an extensive bibliography was compiled. It lists the relevant
publications in chronological order for each of the three vehi-
cle classes considered. While certainly incomplete (new and
additional references keep turning up), this collection of
papers is believed to present an accurate overall picture of the
evolution of aeroassist technology. Examination of this
bibliography shows that the various aeroassist mission ap-
plications received their most intensive study in different time
periods. As was mentioned previously, the serious study of
synergetic plane change maneuvers began with London's
paper in 1961. Actually, there were studies published prior to
1961 (e.g., Ref. 1) but London's paper appears to be the first
to convincingly demonstrate a significant performance gain.
During the 1960s, synergetic plane change was studied exten-
sively with the peak activity occurring around 1967. The initial
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motivation for this work was the recognition that orbital plane
changes required very large characteristic velocities (&V). As
pointed out by Caudra and Arthur,8 the AF required for a
single-impulse 60 deg plane change is as large as that required
to place the satellite in low Earth orbit in the first place. As
these studies progressed, it became evident that the same type
of high-L/D (lift-to-drag ratio) vehicle required for the
synergetic plane change maneuver could also perform Earth-
return missions with large cross-range capability, perform
evasive maneuvers, and have considerable military
importance.

These synergetic plane change vehicles tended to be slender,
high L/D, blended wing-bodies with refractory metal thermal
protection systems for reusability. While deployable air-
breathing engines and canards were sometimes used to provide
subsonic loiter capability and improved landing
characteristics, most recent design concepts34 have been un-
powered gliders and have achieved acceptable landing perfor-
mance without canards. Of course, there are civilian as well as
military uses for synergetic plane change. For example, the
Space Shuttle Orbiter has significant synergetic plane change
capability.31 Since 1970, work on synergetic plane change
vehicles has continued at a relatively low level, but there are
signs that interest in this area may be building again along with
interest in "transatmospheric" vehicles.

The second type of aeroassist mission to be studied in depth
was planetary aerocapture, for which there have been two
periods of rather high interest—1964-1968 and 1979-1982.
Work in the 1964-1968 time frame was aimed primarily at the
manned Mars mission proposed by NASA as a follow-on to
Apollo. When it became evident around 1969 that there would
be no manned Mars mission, interest in the United States wan-
ed as attention was forcused on unmanned planetary missions
and the Space Shuttle. In fact, almost all the publications on
this subject in 1969-1978 are European (mostly Russian).
Beginning in the late 1970s, there as a strong rekindling of in-
terest in aeroassist for application to unmanned planetary mis-
sions. This activity included studies of the application of both
aerocapture (as described previously and illustrated in Fig. 1)
and multipass aerobraking (Fig. 2) to a wide range of
planetary missions. As described previously, aerocapture in-
volves a single pass deep into the planetary atmosphere and
hence requires a smooth aerodynamic shape. Flight control re-
quirements are satisfied by an L/D in the range of 1.0-1.5 with
bank angle modulation for trajectory shaping. Because of the
high levels of aerodynamic heating, ablative heat shields are
required.

While aerocapture missions involve deep atmospheric
penetration and continuum flow, multipass aerobraking is
usually carried out at such high altitudes that near-free-
molecule flow is experienced. Accordingly, an aerobraking
spacecraft may have no aerodynamic surfaces other than one
or more deployable drag brakes that provides the required
frontal area and shield the other parts of the spacecraft from
the rarefield flow. Because of the low levels of aerodynamic
heating, the aerobrakes can be made of metallic, ceramic, or
carbonaceous materials that will survive numerous at-
mospheric passes. Because of the low levels of aerodynamic
forces, multipass aerobrakers can be aerodynamically stabiliz-
ed or spin stabilized. Since many shallow atmospheric passes
are involved in an aerobraking mission, the vehicle can literal-
ly "feel its way" into an unknown planetary atmosphere by
measuring decelerations and surface temperatures and con-
tinually adjusting its periapsis altitude to insure acceptably
low heating. The great disadvantage of multipass aerobraking
is that it takes a long time. For instance, an aerobraking ver-
sion of the Venus Orbiting Imaging Radar mission required 44
days.

The final mission category involves the application of
aeroassist to orbital transfer vehicles. Interest in this area
began around 1970 when a multipass aerobraking version of
the Space Tug (the initially proposed upper stage for the Space
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Fig. 1 Aeroassisted maneuvers for synergetic plane change, orbital
transfer vehicle, and planetary aerocapture missions.
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Fig. 2 Multipass aeroassisted maneuvers for planetary aerobraking
and orbital transfer vehicle missions.
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Fig. 3 Dependence of synergetic efficiency 17 on vehicle Hft-to-drag
ratio.

Transportation System) was studied.70 While the aerobraking
Tug achieved significant payload gains, the multiple at-
mospheric passes severely inhibited operational flexibility.
Hence, one- and two-pass aeroassisted OTVs (AOTVs) were
considered and this led to a rather extensive series of studies of
the AMOOS (Aeromaneuvering Orbit-to-Orbit Shuttle) con-
cept. AMOOS79 was an elipsoidal cylinder sized to fit the
Shuttle cargo bay with a raked-off nose and an aft-mounted
trim flap. It flew at relatively high angles of attack (approx-
imately 35 deg), was capable of L/Ds in the range of 0.5-1.0
and was controlled through bank-angle modulation. Because
of its lifting capability, AMOOS could achieve 7 deg of the re-
quired 28.5 deg GEO-LEO orbit plane change aerodynamical-
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ly. It was not truly reusable since it had an ablative nose heat
shield. The design concept called for AMOOS to be retrieved
by the Shuttle after its LEO-GEO round-trip mission and
returned to Earth for refurbishment. Numerous studies in the
1970-1977 time frame indicated a round-trip LEO-GEO
payload capability of about twice that of a comparable all-
propulsive vehicle. However, one paid the price of significant-
ly increased vehicle complexity and sophistication.

Around 1980, there was a resurgence of interest in AOTVs
sparked by the OTV concept definition studies.84-89 Again,
the vehicles were Shuttle-compatible, but in these studies some
new and innovative approaches focused attention on
low-L/D, low-ballistic-coefficient concepts. . Once again
factor-of-two payload gains over all-propulsive vehicles were
indicated. As a result of the AMOOS and OTV concept defini-
tion studies, there is great current interest in aeroassisted
OTVs.

From the preceding discussion, it can be seen that aeroassist
is hardly a new technology. The literature is extensive and con-
tains numerous convincing demonstrations of significant per-
formance gains due to aeroassist. Yet, aeroassist has seldom
been employed in actual missions. In the subsequent sections
of the present paper, the various vehicle concepts will be ex-
amined in greater detail and an attempt will be made to iden-
tify the technology barriers that have, thus far, prevented
aeroassisted orbit transfer from achieving practical
implementation.

Synergetic Plane Change
As was mentioned in the introduction, serious study of the

synergetic plane change maneuver began around 1961 and was
pursued vigorously throughout the 1960s. Many of the early
studies were essentially point-mass trajectory analyses in
which the emphasis was on defining the theoretically
achievable plane changes and corresponding A V requirements
rather than on the design details of the vehicle. The results of
several such analyses are summarized in Fig. 3.

The synergetic efficiency rj is defined as the ratio of the or-
bital plane change achieved (expressed in radians) to the re-
quired A V (normalized by satellite velocity Vc). For a single-
impulse, all-propulsive maneuver performed outside the at-
mosphere, r? is approximately unity. In Ref. 11, Parsons show-
ed that, under certain simplifying assumptions, the maximum
achievable value for r? is nearly equal to L/D (indicated by the
dashed line in Fig. 3). The symbols with bars represent ranges
of results obtained by various authors2'6'7'12 for orbital plane
changes from 30 to 60 deg. Two of the main conclusions
drawn by the early investigators are illustrated in Fig. 3. First
of all, it appears to be desirable to maximize vehicle L/D.
Secondly, vehicle L/D must be significantly higher than 1.0 if
the synergetic maneuver is to be superior to an all-propulsive
maneuver. Actually, a three-impulse propulsive maneuver (in
which the vehicle is first put in a highly elliptical orbit and then
the plane change is produced by a rocket burn at apogee
followed by recircularization to LEO) can achieve i\
significantly greater than 1.0; hence, for practical purposes,
synergetic plane change vehicles should have L/D of at least
2.0. The terms "aeroglide" and "aerocruise" shown in Fig. 3
refer to two widely studied types of synergetic maneuvers. In
the first (aeroglide), the plane change is accomplished by a
gliding turn. In the second (aerocruise), continuous thrust suf-
ficient to cancel the aerodynamic drag is used. The merits of
these two approaches will be discussed subsequently.

Not only did the early investigators agree that high L/D's
were desirable, they also agreed that the maneuver should be
carried out at (L/D)max. Hence, the early concept of a
synergetic plane change vehicle was a long, slender, high-L/Z),
low-wing-loading configuration that performed a gradual,
high-altitude turn at (L/D)max. Unfortunately, there are prac-
tical difficulties with such a concept.

First of all, high-L/D vehicles are heavy. Figure 4 presents
the variation of vehicle weight (normalized by the weight of a

ballistic configuration W0) with increasing L/D. The results
presented in Fig. 4 were compiled by Love and Pritchard4

from a series of manned entry vehicle design studies. While
these results are for Earth entry vehicles (entering at satellite
velocity), not synergetic plane change vehicles, the configura-
tions and the variations of W/W0 with L/D would be expected
to be very similar for these two vehicle types. Secondly,
vehicles flying at (£/£>)max experience very high integrated
heat loads and slender, high-L/D configurations have small
nose radii and, hence, high-stagnation-point heating rates.
The high integrated heat loads are illustrated in Fig. 5, which
contrasts the heating environments for entries at (L/Z>)max and
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Fig. 4 Increase in vehicle weight with increasing maximum lift/drag
ratio.4
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Fig. 5 Integrated heat load as a function of entry velocity.4
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Figure 5 is also taken from Ref. 4. Again, it is for entry
vehicles, but it accurately depicts the trends for synergetic
plane change vehicles and suggests that a large reduction in the
heat load can be achieved by carrying out a short-duration,
high-angle-of-attack (i.e., CLmax) turn rather than the gradual
(L/D)max turn that was identified as most efficient by the early
investigators. Of course, turns performed near CLmax (i.e., at
high angle of attack) will produce higher acceleration loads,
which must also be analyzed to make sure that vehicle and
pilot tolerances are not exceeded. A third constraint that was
not evaluated initially is the necessity of completing the turn in
a relatively short time. This is illustrated in Fig. 6, which
shows that a turn performed at the orbit node (i.e., at the
equator) is fully effective in producing a change in orbit in-
clination, whereas a turn performed at the orbit apex actually
produces no change in orbit inclination. Instead it produces a
change only in the location of the orbit nodal crossing. Hence,
if the turn lasts a long time (half an orbit, for instance), a
significant part of the turn (when the vehicle is near the apex
of the original orbit) is essentially wasted from the standpoint
of changing the orbit inclination. When these several con-
straints (heating, accelerations, range, etc.) are considered
together, the maneuvering envelope of the vehicle is markedly
reduced. This is illustrated by Fig. 7, which was originally
published by Lau.12

The range angle R shown in Fig. 7 is defined as the included
angle between two radial lines originating at the center of the
Earth and passing respectively through the points where the
vehicle initially departs from its original orbit and subsequent-
ly achieves its new orbit after the synergetic turn. Lau con-
siders R = 100 to be approximately the maximum practical
range angle. Hence, the hatched line in Fig. 7 indicates the
lower boundary of the maneuvering region. The upper boun-
dary is set by two constraints: a surface temperature limit of
1944 K (3500°R) that Lau12 considered the maximum opera-
tional temperature for future reradiative thermal protection
systems and the AF= 2.44 km/s line representing a propellant
mass fraction of 54%. Actually, 1944 K (3500°R) is beyond
the practical capability of present reradiative systems. A more
realistic number would be 1667 K (3000 °R), which would yield
a surface temperature boundary even lower than that shown in
Fig. 7. The left- and right-hand boundaries in Fig. 7 are in-
dicated by the heavy lines that represent the respective
characteristic velocity requirements for an all-propulsive (ex-
oatmospheric) maneuver and a minimum-energy [i.e.,
(L/D)max] synergetic turn. Actually, the right-hand boundary
does not go all the way to the minimum energy turn line, but is
defined by the intersection of the R = 100 and AF= 2.44 km/s
lines. Lines of peak acceleration (4g, 6g, etc.) are also
presented in Fig. 7, but Lau concluded that the heating rather
than the acceleration constraint would usually fix the upper
boundary of the maneuvering region. The heading change A0
shown in Fig. 7 is essentially equal to the change in orbit in-
clination. Hence, Fig. 7 indicates that plane changes of less
than about 15 deg would be better carried out propulsively,
that the maximum plane change capability for the vehicle
studied (L/D = 3.Q, W/A = \46 kg/m2) would be about 45
deg, and that this would require about half the vehicle weight
to be taken up by fuel. Figure 7 also indicates that near-
minimum energy turns in the 20-30 deg range are not practical-
ly achievable because of excessive range requirements.

Another unrealistic assumption made in the early analyses
was that the hypersonic maximum L/D for the vehicle was
constant. For instance, all the results presented in Figs. 3 and 7
were based on the assumption of constant L/D. Actually, the
(L/D)max degrades with increasing altitude because of viscous
effects. This was pointed out by Maslan,18 who carried out the
first analysis of synergetic plane change using variable
(L/D)max. Maslan estimated the variation of (L/D)max by us-
ing approximate generalized expressions for CL and CD that
depended on a bluntness parameter and a similarity variable
(which contained viscous effects) and yielded simple expres-
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sions for the decrease in (L/D)max with decreasing atmospheric
density (and hence, increasing altitude). With the (L/D)max
variation thus described, Maslan essentially repeated Parson's
analysis12 for a powered synergetic turn (aerocruise) and
showed significant reductions in plane change capability due
to the effective reduction in L/D. While the trends predicted
by Maslan are correct, it now appears that his approximate ex-
pressions significantly overpredicted the reduction in L/D.

Figure 8 presents the variation of (L/D)max with altitude for
the Space Shuttle as presented in the Shuttle Aero Data
Book30 and as predicted by Maslan's approximate expressions
from Ref. 18. The solid curve represents a best fit to the exten-
sive wind tunnel data base developed for the Shuttle Orbiter
and has been shown to agree with the Orbiter flight data to
within + 3%. Comparison of the solid curve with the hatched
band shows that Maslan's expressions underpredict (L/D)max
by a factor of over three at an altitude of 90 km. Hence, the
high-altitude degradation of (L/D)max is important and should
be taken into account, but its impact may have been
overestimated in many prior analyses.
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As has been mentioned previously, numerous investigators
have studied both gliding and powered turns. From the stand-
point of theoretical synergetic efficiency, the two techniques
are comparable (see Fig. 3). However, when more detailed
vehicle designs are considered, the thrusting turn (aerocruise)
has been shown to have significant advantages. This is il-
lustrated by Fig. 9, which is from an analysis by Claus and
Yeatman.13

In Fig. 9, the ratio of the vehicle's weight after the orbital
plane change (W2) to its initial weight (Wj) is presented as a
function of the plane change (A/) for aerocruise, aeroglide,
and all-propulsive vehicles. Note that the aerocruise vehicle is
markedly superior to the aeroglide one, especially when lower
wall temperature limits are imposed. The explanation for these
results is that as an aeroglide vehicle carries out its gliding
turn, it is continuously decelerating and descending through
the atmosphere and, hence, will encounter the peak heating
region corresponding to the "knee" of the velocity-altitude
curve typical of a re-entry vehicle. In this peak heating region,
the aeroglide vehicle must fly at reduced bank angles to avoid
exceeding the surface temperature limit and hence has less
turning capability. Only after the vehicle has decelerated
through the peak heating region can it resume high bank
angles and complete the turn. The lower the surface
temperature limit, the more the vehicle must decelerate and
descend deep into the atmosphere before completing the turn.
As a result, more AF(and hence propellant weight) is required
for reboost to LEO. On the other hand, the aerocruise vehicle
employs continuous thrusting sufficient to balance
aerodynamic drag and maintains an altitude high enough to
allow optimum bank angles throughout the turn without ex-
ceeding surface temperature limits.

The most recent studies of synergetic plane change vehicles
are typified by Ref. 33, which analyzes the MRRV
(maneuverable re-entry research vehicle). The MRRV con-
figuration and aerodynamic characteristics are presented in
Fig. 10 and time histories describing the synergetic plane
change maneuver are presented in Fig. 11. As shown in Fig.
10, the MRRV is a blended wing/body configuration which
has a maximum hypersonic L/D of about 2.4. The vehicle flies
a powered (aerocruise) turn at a nearly constant altitude of ap-
proximately 73 km (240,000 ft). During the turn, the bank
angle is modulated about 70 deg and the angle of attack varies
from 26 to 19 deg. The maneuver was optimized with respect
to the aerodynamic heating constraint limiting the maximum
stagnation point temperature to 2778 K (5000 °R) and the max-
imum temperature downstream of the nose cap (x/L > 0.02) to
2667 K (3000°R). These temperatures are consistent with a
carbon-carbon nose cap and a metallic reradiative heat shield
over the rest of the vehicle. Note that the maneuver is carried
out at angles of attack considerably higher than that cor-
responding to (L/D)max (compare Figs, lla and 10). This is
done to provide a quicker turn, which can be carried out near
the orbit node and which significantly reduces the integrated
aerodynamic heat load (see Fig. 5). This point is further il-
lustrated by the plot of the orbit inclination vs the vehicle
weight presented in Fig. lib. Comparison of the two solid
curves shows the superiority of high a-<t>B maneuver to an
(L/D)max maneuver carried out at a constant angle of attack of
14 deg. This plot also shows that the weight of propellant ex-
pended during the maneuver is equal to about half the initial
vehicle weight and that an orbit inclination change of about 20
deg is achieved. A comparable all-propulsive maneuver would
produce an inclination change of about 15 deg. These results
are typical of the present state-of-the-art in synergetic plane
change vehicles. Overall, the capabilities of these vehicles are
much smaller than those predicted in the early 1960s. As
Maslan18 concluded, "...the results indicate that the
synergetic mode can be more desirable than in-orbit propul-
sion only if the aerodynamic performance must be provided
for other reasons...".

However, any entry vehicle that has sizable cross-range
capability possesses the potential for significant synergetic
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Fig. 10 Configuration and aerodynamic characteristics of the
maneuverable re-entry reseach vehicle (MRRV).33

plane change. For example, Joosten and Pierson31 recently
assessed the synergetic plane change capability of the Space
Shuttle Orbiter. Their results suggest that significant plane
changes could be produced by relatively small additional AF.
A 15 deg synergetic plane change would require an additional
AFof approximately 1.2 km/s (4000 ft/s) which could be pro-
duced by four Orbital Maneuvering System (OMS) kits. One
can envision a future space-based, high L/D vehicle that
would be capable of carrying out high-cross-range entries (i.e.,
for space rescue) and that could perform synergetic maneuvers
to transfer men and equipment between orbits of various
inclination.

Planetary Missions
Aerocapture

In the 1964-1968 time frame, NASA was seriously propos-
ing a manned mission to Mars as the next major space in-
itiative following the Apollo program. Minimizing the mass of
the vehicle placed in Martian orbit is very important for such
missions, since and increase of 1 kg in the mass of the Martian
orbiter requires an increase of approximately 10 kg in the mass
of the spacecraft that must be placed in low Earth orbit. Ac-
cordingly, the use of aerodynamic drag to provide the velocity
decrement necessary for capture into Martian orbit was
studied and found to yield significant performance gains. A
typical vehicle and the performance gains for both a Mars or-
biter and a Mars lander mission (according to Boobar et al.42)
are presented in Figs. 12 and 13.

The vehicle is an on-axis biconic configuration with a cir-
cular cross section and a spherically blunted nose. As shown
by the plot of L/D vs CDA, practical configurations of this
type can have maximum L/D in the range of 0.8-1.6. The con-
figuration studied in Ref. 42 had a half-cone angle, 07 = 16
deg, which produced (L/Z))max — 1.3. As the vehicle passed
through the Martian atmosphere, it flew at a constant angle of
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attack and was controlled through bank angle modulation.
The guidance and control concept used was essentially the
same as that developed for the Apollo mission. An ablative
heat shield provided thermal protection. A measure of the op-
timism of the late 1960s is provided by the fact that the vehicle
analyzed carried an eight-man crew and a 9100-kg payload to
Mars. Figure 13 presents the comparative masses that would
have to be placed in Earth orbit for aeroassist (aerobraker)
and all-propulsive (retrobraker) vehicles for various launch
opposition years. The peak of each bar (labeled CIRC)
represents the case where the vehicle is placed in a circular or-
bit about Mars. The point labeled 0.7e indicates the mass re-
quirements if the vehicle is placed in an elliptical orbit with an
eccentricity of 0.7. As Fig. 13 shows, mass reductions of over
a factor of two are not uncommon. These benefits are so large
that, had there been a manned Mars mission, it probably
would have employed aeroassist. However, the manned Mars
mission was not to be and, around 1970, interest in planetary
aeroassist missions declined as emphasis was shifted to un-
manned planetary missions and the Space Shuttle.
Throughout the early and mid-1970s, research on aeroassisted
planetary missions continued at a low level, with most of the
work being carried out in Europe. Then, around 1978, there
was a strong resurgence of interest, this time associated with
unmanned missions.51"62 The aerocapture maneuver and vehi-
cle concept proposed in these recent studies is similar to that
studied earlier for the manned Mars mission (see Fig. 12). The
aerocapture maneuver is illustrated in Fig. 14. The vehicle
enters the planetary atmosphere with a significant hyperbolic
excess velocity and flies a roll-modulated, constant-drag tra-
jectory that produces the required velocity decrement and
achieves the atmospheric exit conditions required to place it in
the desired orbit about the planet. A relatively small exoat-
mospheric rocket burn is required to circularize the final orbit.
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EARTH
ORBIT. 4

,-CIRC

0.7e

i-CIRC

0.7e

'1980 82 84 86 88 90 93 95 99
LAUNCH OPPOSITION YEAR

Fig. 13 Comparative performance of aeroassist (aerobraker) and all-
propulsive (retrobraker) spacecraft for both orbiter and lander mis-
sions to Mars.42
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Fig. 14 Planetary aerocapture maneuver.

The approach trajectory correction maneuvers outside the at-
mosphere can be controlled by commands computed on
Earth. However, once the vehicle enters the atmosphere, tra-
jetory maneuvers must be computed and commanded on
board by a closed-loop guidance navigation and control
system using adaptive guidance algorithms that can correct the
flight path to meet the required atmospheric exit boundary
conditions. In order to successfully perform this maneuver,
the vehicle must have lifting capability. Studies by Cruz51 and
others show that the accuracy of the aerocapture maneuver
improves with increasing L/D until it reaches a maximum
around L/D= 1.5. This is illustrated in Fig. 15, where the 3a
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accuracy of the vehicle speed at atmospheric exit and the
period of the final orbit is presented as a function of L/D for a
Mars mission.

In Fig. 16, typical L/D and ballistic coefficients (m/CDA)
are displayed for a range of generic configurations. As can be
seen from Fig. 16, L/D greater than 1.5 requires lifting bodies
and blended wing/body configurations that have relatively
poor volumetric efficiency and higher ballistic coefficients
(based on cross-sectional area). Accordingly, most studies of
planetary aerocapture missions have recommended on-axis or
bent biconic configurations. This is true of the manned mis-
sions studied in the late 1960s, as well as the unmanned mis-
sions of current interest.

Since planetary aerocapture vehicles must dissipate con-
siderable energy during the atmospheric pass, heating and
thermal protection systems are significant design drivers. In
Fig. 17 (which is based on data presented in Ref. 60), the
heating enevironment is shown for various planetary missions.
The Mars and Uranus missions indicated in Fig. 17 have mis-
sion scenarios similar to those illustrated in Fig. 14. The
designation S02P-Titan, however, refers to the Saturn Orbiter
dual-probe mission in which the spacecraft is captured into an
orbit about Saturn as a result of a pass through the at-
mosphere of Titan, one of the Saturnian moons. As shown by
Fig. 17, aerocapture maneuvers produce relatively high values
for both the heat-transfer rate and the heating time (and,
hence, integrated heat load). This is in contrast to conven-
tional entry vehicles that generally experience either low
heating rates and high integrated heat loads or high heating
rates and low integrated heat loads (as shown on Fig. 17 for
the Pioneer Venus entry probe and strategic military entry
vehicles). As is also shown by Fig. 17, Martian and low-entry-
velocity Titan aerocapture vehicles can use low-density
ablators, whereas Uranus and high-entry-velocity Titan
vehicles will require high-performance ablators (carbon-
phenolic or carbon-carbon) backed by efficient insulators over
the forward portions of the aeroshell.

As an illustration of a typical recently studied aerocapture
configuration, the Saturn, Orbiter Dual Probe (S02P) vehicle
(developed in Ref. 60) is presented in Figs. 18 and 19. In Fig.
18, the vehicle is shown in its atmospheric flight configuration
with the radioisotope thermoelectric generator (RTG) and
science booms and the high-gain antenna retracted and en-
closed within the aeroshell. In Fig. 19, the spacecraft is shown
in its fully deployed condition after having completed the
aerocapture maneuver at Titan. During the S02P mission, en-
try probes are sent into the atmosphere of Titan and Saturn,
and the core spacecraft with its imaging and rf science ex-
periments is placed in orbit about Saturn and carries out a
series of fly-by encounters with the Saturnian satellites. The
Titan probe makes up the nose portion of the Titan aerocap-
ture configuration as shown in Figs. 18 and 19. The Saturn
probe is packaged between the Titan probe and the core
spacecraft (not shown in Fig. 18). One of the most serious
design challenges for planetary aeroassist vehicles is illustrated
in Figs. 18 and 19. For an all-propulsive mission, the
spacecraft would be in its deployed condition (as shown in Fig.
19) throughout its interplanetary transit and during its ap-
proach to the target planet. The RTGs (with their radioactivity
and heat) would be deployed on their booms away from the
science payload, the high-gain antenna would be deployed and
available for tracking and data transmission, and the
spacecraft could maintain thermal control by radiating excess
heat to space. For an aeroassisted spacecraft, the enclosing
aeroshell tends to trap the heat generated by the RTGs and the
spacecraft instrumentation. Hence, radiation shielding is re-
quired for the science instruments and other spacecraft sub-
systems, an additional expendable surface-mounted antenna is
required for tracking and navigation, and an active cooling
system is required to maintain spacecraft thermal control. Of
course, there is the option of opening doors in the aeroshell to
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allow the deployment of spacecraft subsystems during in-
terplanetary transit, but this introduces questions about the in-
tegrity of the thermal protection system during the at-
mospheric pass. In any event, the use of aeroassist significant-
ly complicates spacecraft design.

On the other hand, the use of aeroassist results in large
payload gains. For the S02P mission just described, an
aerdassisted vehicle can place approximately twice as much
payload into Saturn orbit as an all-propulsive vehicle.55 Fur-
thermore, aeroassist has been shown to yield similar payload
gains for missions to other planets.

Figure 20 shows aerocapture payload gains for the Venus
Orbiting Imaging Radar (VOIR) and Mars Sample Return
(MSR) missions.55 The results shown in Fig. 20 were
calculated assuming that the launch vehicle was the Shuttle
with a two-stage Inertial Upper Stage (IUS). As shown by the
dashed horizontal lines, the VOIR mission is just barely possi-
ble with an all-propulsive spacecraft in 1984. Otherwise,
aeroassist is required to meet the science payload requirements
of either mission.
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ATTITUDE CONTROL
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5-m HIGH GAIN ANTENNA

Fig. 19 S02P spacecraft in fully deployed configuration.60
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Fig. 21 Use of multipass aerobraking for the Atmospheric Explorer
mission.48

Multipass Aerobraking
The second type of aeroassisted planetary mission that has

been studied involves an initial propulsive maneuver that
places the spacecraft in a highly eccentric orbit about the
target planet followed by many passes through the outer
fringes of the planetary atmosphere.54'55'63'65 Each at-
mospheric pass produces a small velocity decrement and a
consequent lowering of the orbit apoapses, eventually produc-
ing a circularization of the orbit. Small rocket burns, carried
out at apoapsis, maintain the periapsis altitude in a range
where aerodynamic heating and loads are acceptably low.
Since many atmospheric passes are carried out, it is possible to
design such a mission to be "fail-safe." The initial periapsis
altitude may be set high enough to preclude excessive heating
and tracking data obtained during the early high-altitude or-
bits can be used to provide estimates of atmospheric density
even for a previously unknown atmosphere. Then the periap-
sis altitude may be lowered gradually, while onboard
measurements of deceleration and spacecraft surface
temperatures are made. Following each periapsis pass, these
data may be used to determine the subsequent apoapsis rocket
burns required.

This technique of orbit circularization was demonstrated by
the Atmospheric Explorer mission flown to investigate the
outer reaches of the Earth's atmosphere.48 Figure 21 presents
a schematic representation of this mission and shows how,
after each perigee pass, new orbital parameters were
calculated and commands sent to the spacecraft to carry out
the required propulsive maneuver at apogee. Following the
rocket burn at apogee, tracking data were used to determine
an updated orbit and, if necessary, a contingency thrusting
maneuver was carried out to produce the desired perigee. In
Fig. 22, actual flight histories of apogee and perigee altitude
are presented to show how the technique was successful in
lowering the apogee altitude from 4.3 x 103 km to 2x 103 km
and hence circularizing the orbit.

While the application of multipass aerobraking to planetary
missions involves the same basic principles illustrated in Figs.
21 and 22, the much longer communication distances (and
times) involved with planetary missions place a lower limit on
orbital periods for which the vehicle can be commanded from
Earth. Also, deploy able drag brakes must be used in order to
produce significant payload gains as compared to an all-
propulsive mission. As indicated in Fig. 21, the Atmospheric
Explorer spacecraft was not specially configured to take ad-
vantage of aerobraking. For that mission, the perigee altitude
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Fig. 22 Time histories of orbit apogee and perigee for the At-
mospheric Explorer mission.48
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was kept high enough that aerodynamic heating was insignifi-
cant. If such an approach were employed for a planetary mis-
sion, the time required to achieve orbit circularization would
be unacceptably long. When vehicles are specially configured
to take advantage of aerobraking, however, significant
payload gains can result.

An aerobraking spacecraft was proposed for the Venus Or-
biting Imaging Radar (VOIR) mission. In this instance, the
basic spacecraft, which was originally designed for an all-
propulsive mission, was modified by the addition of two
deployable drag brakes/The motivation for this modification
was that the baseline (all-propulsive) spacecraft had become
too heavy to be launched by the Shuttle and a two-stage IUS.
Rather than reduce the mission science payload, it was propos-
ed to reduce the vehicle launch mass by replacing part of the
propulsion capability with aerobraking. The resulting reduc-
tion, which brings the mission within the Shuttle IUS capabili-
ty, in shown in Fig. 23. Note that while the aerobraking and
orbit circularization propulsion add a small amount of mass,
this is more than offset by the large reduction in the propul-
sion needed for orbit insertion. One of the advantages of
multipass aerobraking is that the entire spacecraft need not be
completely enclosed in an aeroshell. Hence, many of the
design complexities mentioned for the previously discussed
aerocapture vehicles are avoided.

All in all, multipass aerobraking is feasible within the pre-
sent state of technology. However, advanced technologies
could make it even more attractive. Onboard, adaptive
guidance and control algorithms could remove the present
limitation on minimum orbital period and improved rarefied
flow analysis techniques (such as direct-simulation Monte
Carlo methods) would allow the vehicles to be confidently
designed for lower periapsis altitude where the flow is in the
transitional regime rather than free molecule regime. These
low-altitude, short-period final orbits would significantly in-
crease the potential payload gains.

the inflatable ballute were developed as part of the Orbital
Transfer Vehicle Concept Definition Studies. While these four
vehicle concepts represent radically different approaches, they
have all been shown to provide significant payload gains over
all-propulsive OTVs and it is this fact that accounts for the
present high interest in this type of vehicle. While the OTV
concepts studied to date are distinctly different from the
previously discussed synergetic plane change and planetary
vehicles, there are distinct similarities in mission requirements.
Like the synergetic plane change missions, most OTV applica-
tions involve significant orbital plane changes. For instance,
the widely studied geosynchronous-to-Shuttle-orbit transfer
requires a 28.5 deg plane change. Like a typical aeroassisted
planetary vehicle, the OTV returning from GEO to LEO
possesses significant excess velocity. Hence, much of what has
been discussed for synergetic plane change and planetary
vehicles also applies to OTVs.
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Fig. 24 Aeroassisted OTVs: Aerobraking Tug,70'71, AMOOS,79'81

lifting brake,89 ballute.84

Orbital Transfer Vehicles
The most recently studied application of aeroassist

technology is directed toward increasing the payload of orbital
transfer vehicles. As pointed out previously, interest in
AOTVs began in the early 1970s and was recently given a
significant boost by activities related to the OTV concept
Definition Studies84'89 in 1980. Since 1981, there has been a
veritable flood of publications. Except for some fairly recent
moderate and high L/D concepts that will be discussed subse-
quently, the most widely studied AOTV concepts are il-
lustrated in Fig. 24.

The Aerobraking Tug, studied in the early 1970s, was an
aeroassisted version of the Space Tug, which was the original-
ly proposed upper stage for the Space Transportation System.
The Aeromaneuvering Orbit-to-Orbit Shuttle (AMOOS) was a
lifting descendant of the Aerobraking Tug and was studied in-
tensively in the middle and later 1970s. The lifting brake and
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Aerobraking Tug
As shown in Fig. 24, the aerobraking Tug70'71 was a nonlif-

ting configuration with a cylindrical body, an ellipsoidal nose,
and an aerodynamically stabilizing, drag-producing flare. The
vehicle was originally proposed as a multipass aerobraker and
various flare geometries and mission scenarios were studied. It
was found that the maximum geosynchronous return payload
was obtained with a relatively small flare (similar to that
shown in Fig. 24) and a mission profile that involved approx-
imately 30 passes through the Earth's upper atmosphere. This
approach, which allowed the use of a reradiative metallic heat
shield, maximized the payload but had serious operational
drawbacks. For instance, such a GEO-to-LEO transfer re-
quired 4-7 days. In an effort to gain operational flexibility, a
fewer number of passes, deeper into the Earth's atmosphere,
were considered. This led to the development of a two-pass
configuration that could complete the GEO-to-LEO transfer
in 1 day, but required a larger flare and an ablative heat shield
and had a reduced payload capability. While the Aerobraking
Tug could carry considerably more payload than a com-
parable all-propulsive vehicle, it had several serious
drawbacks. As has already been mentioned, the 30-pass vehi-
cle suffered from a lack of operational flexibility and the
2-pass vehicle required refurbishment of its ablative heat
shield after each mission. Perhaps the vehicle's most serious
shortcoming, however, was its lack of control authority.
There was no way to modulate drag in order to compensate
for unpredictable variations in the density of the Earth's upper
atmosphere. The magnitude of atmospheric dispersions that
must be dealt with is indicated in Fig. 25, which presents
estimates of the mean and range of density over an 11 year
period expressed as a relative difference (percent) from the
1962 Standard Atmosphere. The mean constitutes a systematic
variation that is predictable for a given month and solar activi-
ty. The range constitutes a random variability that is not
predictable. The geomagnetic storm variation is for an ex-
treme event that occurs once or twice per solar cycle and is not
predictable a few days in advance. It usually occurs during
periods of medium or high solar activity and the effects do not
propagate into the lower atmosphere. Since the Aerobraking
Tug achieves most of the required velocity decrement in the
altitude range of 70-90 km, the ability to compensate for den-
sity variations of ± 50% is required. Since there was no way to
modulate drag for the Aerobraking Tug, the only safe mission
scenario for this vehicle involved initial high-altitude passes to
4'sample" the atmosphere followed by deep aerobraking
passes to achieve the required velocity decrement. This, of
course, severely decreased the vehicle's operational flexibility.
The requirement to accommodate unpredictable density varia-
tions, such as those shown in Fig. 25, is one of the principal
design drivers for an aeroassisted OTV and is one of the main
motivations for considering lifting vehicles such as the
AMOOS.
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Fig. 28 OTV payload gains due to aeroassist.84

AMOOS
The Aeromaneuvering Orbit-to-Orbit Shuttle

(AMOOS),73'75'76'79'81 illustrated in Fig. 24, was a direct
descendent of the Aeromaneuvering Tug. It is also cylindrical,
but has a slightly elliptical cross section and a raked-off nose
and, at moderate angles of attack, is capable of hypersonic
L/D of 0.5-1.0. Through bank angle modulation, this lifting
capability provides adequate trajectory shaping to respond to
density variations such as shown in Fig. 25. The aerobraking
maneuver for the AMOOS is very similar to that described
previously for planetary aerocapture vehicles (see Fig. 14).
Several investigators studied the AMOOS in the 1970-1980
time period and concluded that a control system can be design-
ed that will allow the vehicle to respond successfully to unex-
pected atmospheric density variations.77'78'80 Typical results
obtained by Render78 are presented in Figs. 26 and 27.

Render considered a simple linear feedback control system
that commanded the bank angle according to the guidance
law,

where 4>B was a constant of 90 deg, Eact and Enom are,
respectively™ the actual and desired vehicle energies, and K is a
gain constant. Rehder actually designed successful control
laws by using both simple heuristic procedures and modern
control theory. A sample bank-angle history for an AMOOS
GEO-to-LEO transfer maneuver is presented in Fig. 26. Note
that the bank angle is between 80 and 90 deg throughout half
the atmospheric pass and then is reduced to 60 deg to produce
enough positive lift to execute the skip-out maneuver that
sends the vehicle up to its new apogee altitude. Hence,
AMOOS not only achieves the required velocity decrement,
but also executes a synergetic turn. In fact, the AMOOS vehi-
cle obtains 7 deg of the 28.5-deg change plane required for a
GEO-LEO transfer during the atmospheric pass. The remain-
ing 21.5 deg is produced propulsively as part of the deorbit
burn at GEO. To test the ability of his control law to compen-
sate for atmospheric variations, Rehder carried out 100
simulated aeroassisted trajectories in which a statistical model
of the atmosphere was used to impose random atmospheric
variations. The results are presenteed in Fig. 27. The target
apogee was 600 km and any apogee between 500 and 720 km
was deemed acceptable. Figure 27 shows that the guidance law
is successful even for extreme density variations. Not only was
the AMOOS capable of successfully performing the aeroassist
maneuver, it also had impressive payload capability. The
LEO-GEO round-trip payload for AMOOS was approximate-
ly twice that of a comparable all propulsive OTV; however,
the vehicle also had drawbacks.

With its relatively low L/D and relatively high M/CDA,
AMOOS was required to descend deep into the atmosphere to
achieve the aerodynamic forces required for the aeroassist
maneuver. Hence, aerodynamic heating for this vehicle is
relatively high and an ablative heat shield is required. Hence,
the AMOOS suffers from many of the design problems
discussed previously for the planetary aerocapture vehicles.
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The payload and all vehicle systems must be enclosed within a
protective aeroshell and the ablative heat shield must be refur-
bished after each mission—hence, operational utility and flex-
ibility are reduced. Also, since the vehicle requires a special
protective aeroshell, it cannot be part of an evolutionary OTV
development that starts with a state-of-the-art all-propulsive
vehicle and evolves to greater payload capability by the addi-
tion of an aeroassist "kit." This means that a project manager
must be willing to pay the extra price (both in dollars and in
design risk) associated with aeroassist in order to gain an in-
creased payload capability that might not be needed for many
years. In the mid to late 1970s, NASA project managers were
not willing to pay this price.

Lifting Brake and Inflatable Ballute
Two AOTV concepts that have been the subject of much re-

cent study are the lifting brake82'89 and the inflatable
ballute,84'86'88 both of which were developed as part of the
OTV Concept Definition Studies. Interestingly, the initial
guidelines for these studies called for the baseline vehicle to be
all-propulsive. However, such large payload gains were shown
for aeroassist that, by the conclusion of the studies, both con-
tractors proposed aeroassisted vehicles as the baseline design.
Figure 28 illustrates the payload gains that result from
employing aeroassist. This figure presents results for the
ballute, but both vehicles are predicted to have comparable
payload capabilities. The labels AB and AP refer to aeroassist
and all-propulsive vehicles, respectively. Payload capabilities
are shown for both a round-trip sortie mission (where payload
is both carried to and returned from a high Earth orbit) and a
delivery-only mission in which the OTV returns empty and is
reused. The shaded bands indicate the OTV capability when
launched by Space Transportation Systems (STS) ranging
from the present Shuttle (29,500 kg to LEO) to heavy-lift
derivative vehicles (45,400 kg to LEO). Note that when the
present Shuttle is used, aeroassist more than doubles the
payload capability for both delivery and round-trip missions
and enables the manned sortie and GEO platform missions
that are not feasible with comparable all-propulsive OTVs.

The inflatable ballute surrounds the basic OTV and, when
inflated, produces an ellipsoidal nose shape with the OTV
rocket nozzle at its apex. As originally proposed, this vehicle
used thrust modulation to achieve a wide range of drag coeffi-
cient. During the atmospheric pass, the rocket engine is run at
a reduced thrust level and fires forward, producing a thick
shock layer with a sizable separated region near the rocket
nozzle. This is illustrated schematically in Fig. 24. Drag
modulation is achieved by varying the thrust level of the
rocket engine. Figure 29 presents wind tunnel test data, ob-
tained by W.C. Woods at the NASA Langley Research
Center, showing how the drag coefficient varies with the jet
momentum flux ratio.

When the engine is run at tank-head idle (momentum flux
ratio less than « 0.003), the drag is only slightly less than for
the non-thrust case. When the thrust is increased to the
pumped idle case (momentum flux ratio«0.02), the drag is
decreased by an order of magnitude. This ability to modulate
drag by changing the engine thrust level could produce the
necessary control authority for this vehicle. Unfortunately,
separated shock layers such as those produced by the forward-
firing rocket may become unstable under certain flow condi-
tions (the shaded region in Fig. 29 indicates such an area of
unsteadiness) and their characteristics can be difficult to
predict. Because of this, the baseline ballute AOTV concept
now achieves drag modulations by changing internal pressure
rather than by using the for ward-firing rocket plume. Whereas
rocket thrust modulation can produce a nearly 10 to 1 change
in drag coefficient, internal pressure changes will produce a
change of only about 3 to 1. This reduction in control authori-
ty places greater demands on the control system algorithm, as
will be discussed below. The idea of using a ballute to produce
a low m/CDA OTV is not new. A towed ballute was con-
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Fig. 29 Variation of drag coefficient with rocket plume momentum
flux for ballute OTV.
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sidered for the Aerobraking Tug. However, the idea of con-
verting a basic all-propulsive OTV into an aeroassisted OTV
by inflating a compactly stowed, lightweight ballute to sur-
round the core vehicle is new and promising. The ballute
AOTV has one great virtue: studies consistently show it to be
among the lightest of AOTV concepts.

The lifting brake, which was also developed as part of the
OTV Concept Definition Studies, is a very promising com-
bination of state-of-the-art technologies. Aerodynamically,
the vehicle is very similar to the Apollo command module for
which there is a wealth of flight experience. Like the Apollo
Earth return configuration, the lifting brake is blunt with a
large effective nose radius, has an offset center of gravity to
produce an L/D of approximately 0.25, and achieves trajec-
tory shaping through roll modulation during the atmospheric
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pass. The original lifting brake concept was a basic, all-
propulsive OTV with a deployable drag brake that was struc-
turally similar to a wrapped-rib antenna. The brake was
packaged in an annular housing surrounding the rocket noz-
zle. It was deployed for the aerodynamic braking maneuver
and was then retracted and was available for reuse. The com-
bination of large drag area, large effective nose radius, and
low weight (and hence low ballistic coefficient) allows the
aerobraking maneuver to be carried out at high altitudes with
convective heating rates low enough to permit the use of
relatively low-temperature (<1700K) materials (such as
ceramic-fiber cloth) for the surface of the drag brake. Unlike
the ballute, the baseline lifting brake OTV was a reusable vehi-
cle, whereas the ballute was discarded after the atmospheric
pass and replaced as part of the vehicle's refurbishment be-
tween missions. Even though the ballute and the lifting brake
employ very different design approaches, they both represent
a trend away from high L/D toward low L/D and low
m/CDA. This is illustated in Fig. 30 where typical aeroassist
OTV trajectories are presented along with contours of Mach
number, Reynolds number, and viscous interaction parameter
M^/^lRe^. Note that the AMOOS, with its relatively high
L/D and m/CDA penetrates much deeper into the atmosphere
than either the ballute or the lifting brake. In fact, by employ-
ing innovative design approaches, both the lifting brake and
ballute obtain the advantages of a high-altitude flight regime
(comparable to that of the 30-pas Aerobraking Tug) while re-
taining the operational flexibility of a one- or two-pass
aeroassist maneuver. This high-altitude flight regime has two
significant aerothermodynamic implications—low heating and
rarefied flow.

The aerodynamic heating environment for the various
aeroassisted OTVs discussed thus far is shown in Fig. 31 where
the significantly lower heating rates of the high-altitude
vehicles (lifting brake, 30-pass Aerobraking Tug, ballute) are
obvious. It is also interesting to contrast the OTV heating en-
vironments shown in Fig. 31 with those discussed previously
for synergetic plane-change vehicles and planetary aerocap-
ture vehicles. From such a comparison, it is seen that the high-
altitude OTV vehicles and the downstream regions of the
synergetic plane-change vehicles have similar heating rates,
while the planetary aerocapture vehicles and the nose and
leading-edge regions of the synergetic plane-change vehicles
experience heating rates that are significantly higher. Heating
times are comparable for OTVs and planetary aerocapture
vehicles and are much longer (by factors of 2-5) for synergetic
plane change vehicles. The results presented in Fig. 31 are for
convective heating to a fully catalytic surface. However, re-
cent studies have shown finite wall catalycity and none-
quilibrium radiative heating to be of great potential impor-
tance in determining AOTV heating levels. These studies are
discussed in the following section of this paper.

The rarefied flow environment of the ballute and lifting
brake are illustrated by the M^/^lRe^ contours in Fig. 31. If
diameter is taken as the characteristic dimension, £, for the
ballute and lifting brake and overall length is used for the
AMOOS, it is seen that the viscous interaction parameter is an
order of magnitude larger for the high-altitude vehicles and is
large enough («0.06) to indicate significant rarefied flow ef-
fects even at perigee. This trend toward rarefied flight condi-
tions has significant research implications, since low-density
flowfields are difficult to analyze and simulate in ground test
facilities.

Recent AOTV Studies
As shown by the Bibliography, the AOTV literature has

more than tripled in size in the past three years. As a result of
this intensive study, some significant new vehicle concepts
have been put forward and some significant new technology
issues have been identified.

Many recent studies120'124'140'142 have provided more insight
into the characteristics and capabilities of the ballute, lifting

Fig. 32 AOTV with high L/D capability.124

ALTITUDE,
km

1.0 1.2 1.4 .8 1.0 1.2 1.4 .6 .8 1.0 1.2
P/P,62

Fig. 33 Shuttle-derived densities compared to the 1962 U.S. Stan-
dard Atmosphere.124

brake, and AMOOS and some significant refinements have
resulted. As mentioned previously, the internal pressure varia-
tion has now been adopted as the baseline approach to pro-
viding drag modulation for the ballute.142 Whereas the early
lifting brake concepts featured an aerosurface that was a near- •
ly flat disk (see Fig. 24), more recent concepts142 have tended
toward a wide-angle cone configuration with rounded outer
edges to reduce edge heating. Experimental studies104-120 have
underlined the importance of edge heating and afterbody
heating (which significantly reduces the usable angle-of-attack
range and/or afterbody length) for these configurations.

Most prominent among the new vehicle concepts are
moderate-L/D biconic configurations94'107'114 and high-L/Z)
delta wing configurations115'117'121'124 with greater orbital plane
change capabilities. The biconic vehicles have configurations
similar to the previously discussed planetary aerocapture con-
cepts (see Figs. 12, 16, and 18) and benefit from an extensive
aerothermodynamic data base.95'96'102'103'139 Recent studies
have shown advantages for short, low-fineness-ratio
moderate-L/Z) bioconic vehicles that utilize external expen-
dable drop tanks for delivery-only missions. In this applica-
tion, the AOTV returning to low-Earth orbit contains the
OTV engines and the avionics subsystems. It is essentially a
high-orbit analog to the propulsion/avionics module used on
Shuttle-derived heavy-lift launch vehicles, i.e., its main func-
tion is to facilitate the reuse of the expensive engines and
avionics components. The high-L/Z) delta wing vehicles are
typified by the configuration shown in Fig. 32. These vehicles
have hypersonic L/D in the range of 1.8-2.0 and are,
therefore, capable of producing relatively large changes in or-
bit inclination through aerodynamic turns. For example,
Talay et al.124 considered the GEO return pay load and
aerodynamic plane-change capabilities of representative low,
moderate, and high-L/D AOTVs. The low-L/Z) vehicle was a
lifting brake (L/D-0.2), the moderate-/,//) vehicle was an
AMOOS configuration (L/Z)«0.8), and the high-L/Z) vehicle
was the configuration shown in Fig. 32 (L/D^ 1.9). While the
high-L/Z) vehicle was capable of producing much larger
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aerodynamic plane changes (26 deg compared to 10 deg for the
AMOOS and 2 deg for the lifting brake), its return payload
capability was only slightly greater than that of the other
vehicles (7705 kg compared to 7436 kg for the AMOOS and
7181 kg for the lifting brake). And this increased plane-change
capability was obtained at the cost of significantly higher
aerodynamic heating and structural weight (as illustrated
earlier in Figs. 4 and 5). Hence, high-L/D vehicles do not ap-
pear promising for routine cargo missions. However, they
may be advantageous for missions (such as surveillance mis-
sions) that benefit greatly from aerodynamic maneuvering
capability.

Recently, several investigators100'119'130"132 have studied
AOTV concepts that are intended to be assembled and based
at a space station. Hence, these vehicles are freed of the con-
straint that they must fit into the Space Shuttle cargo bay. As a
result, these vehicles can employ large, lightweight fixed aero
surfaces rather than deploy able concepts. The vehicles studied
thus far are of the lifting brake type with wide-angle, axisym-
metric cone or raked-off cone geometries and are predicted to
have light structural weights and high performance.

Two technical issues that have recently received intensive
study are guidance and control system design and none-
quilibrium aerodynamic heating. The central issue in guidance
and control system design is the amount of aerodynamic con-
trol authority required to deal with unpredictable variations in
atmospheric density. Previous studies have considered density
variation that could be characterized as multiples of the 1962
Standard Atmosphere density profile (see, for instance, the
discussion accompanying Figs. 25-27). However, data from
recent Shuttle flights have shown the existence of so-called
"potholes in the sky" as illustrated in Fig. 33 where ratios of
the derived densities to the 1962 Standard Atmosphere are
presented for Shuttle flights 2, 4, and 6. These large density
excursions, which occur over relatively narrow altitude ranges,
pose a significant challenge to AOTV flight control systems.
The question is, how much drag variation (in the case of
L/D = Q vehicles such as the ballute) or L/D capability (in the
case of lifting vehicles) is required to compensate for these
density variations? In spite of the large number of recent
studies,109"113'122'138'142 there is no consensus answer to this
question. Present indications are that fairly sophisticated
adaptive control laws may be required for vehicles such as the
ballute (with its relatively small drag modulation capability)
and the lifting brake (with L/D on the order of 0.2).

The central issue in aerodynamic heating has to do with the
effects of nonequilibrium on both convective and radiative
heating. Until recently, most analyses assumed chemical and
thermodynamic equilibrium both in the shock layer and at the
vehicle surface. Now there is strong evidence97'99'130 that finite
wall catalycity can significantly reduce the AOTV convective
heating rates, perhaps to values as low as one-half their
equilibrium values. The question here is whether or not ther-
mal protection materials can be developed that will maintain
low levels of catalycity under actual flight conditions for
multiple missions. There is also strong evidence that
nonequilibrium shock-layer radiation cannot be
ignored.99"101'108'118'131 These investigations show that analyses
can be developed that are reasonably consistent with shock-
tube and flight data and predict significant nonequilibrium
radiation for the AOTV flight regime. If this nonequilibrium
radiation occurs, it could increase peak heating rates up to
twice the equilibrium convective values, which would effec-
tively prohibit the use of many low-temperature heat shield
materials. On the other hand, other investigators130'136 ex-
amine the same data and argue persuasively that none-
quilibrium radiation may not be significant. This may be the
most important single question for aeroassisted OTVs and it is
possible that a definitive answer can be obtained only through
a carefully designed flight experiment.

Conclusions
This survey of aeroassisted orbit transfer has revealed a rich

literature and well-developed technology base that clearly
shows high-performance gains in comparison with com-
parable all-propulsive vehicles. In some areas such as
multipass aerobraking, it appears that the technology is essen-
tially ready. What is needed is a mission. In most areas,
however, it appears that further work is needed to bring the
design risk down to an acceptable level. One thing is clear,
however. There are enormous opportunities for mission
enhancement through aeroassist and there are some intriguing
new ideas that are just now coming under study. A strong
research effort in this area certainly seems justified. If this
research is pursued virgorously, practial aeroassisted vehicles
should be operational within the next 10 years.

Bibliography
In this paper, relevant publications are presented in a

bibliography rather than a conventional reference list. So that
the reader may more easily follow the historical evolution of
the technology, items are listed in chronological order for each
vehicle class.

Synergetic Plane Change
^arzecha, L.W., "Performance and Design Considerations for

Maneuvering Space Vehicles,*' IAS paper 60-59, 1960.
2London, H. S., "Change of Satellite Orbit Plane by Aerodynamic

Maneuvering," paper presented at IAS 29th Annual Meeting, New
York, 1961; also Journal of the Aerospace Sciences, Vol. 29, March
1962, pp. 323-332.

3Nyland, F.S., "The Synergetic Plane Change for Orbiting
Spacecraft," Rand Corp., Santa Monica, Calif., Aug. 1962.

4Love, E.S, and Pritchard, E.B., "A Look at Manned Entry at Cir-
cular to Hyperbolic Velocities," Proceedings of AIAA 2nd Manned
Spacecraft Meeting, Dallas, Tex., April 1963, p. 167-188.

5Bell, N. and Hankey, W. L. Jr., "Application of Aerodynamic
Lift in Accomplishing Orbital Plane Change," ASD-TDR-63-693,
Sept. 1963.

6Nyland, F.S., "The Synergetic Place Change for Orbiting
Spacecraft," Proceedings of 5th International Symposium on Space
Technology and Science, Tokyo, Sept. 1963, AGNE Publishing, Inc.,
Tokyo..

7Bruce, R.W., "The Combined Aerodynamic-Propulsive Orbital
Plane Change Maneuver," AIAA Paper 65-20, Jan. 1965; also AIAA
Journal, Vol. 3, July 1965, pp. 1286-1289.

8Cuadra, E. and Arthur, P.D., "Orbit Plane Change by External
Burning Aerocruise," AIAA Paper 65-21, Jan. 1965; also Journal of
Spacecraft and Rockets, Vol. 3, March 1966, pp. 341-352.

9Hunter, J.W., "Synergetic Orbital Plane Change—A Key to In-
space Maneuverability," Air University Review, Vol. 16, May-June
1965, pp. 109-115.

10Paine, J.P., "Some Considerations on the Use of Lifting Re-
entry Vehicles for Synergetic Maneuvers," AIAA Paper 66-960, Nov.
1966; also Journal of Spacecraft and Rockets, Vol. 4, May 1967, pp.
698-700.

11 Parsons, W.D., "Analytic Solution of the Synergetic Turn,"
AIAA Paper 66-487, June 1966.

12Lau, Johann, "Implications of Maneuverings-Range Constraints
on Lifting-Vehicle Design," Journal of Spacecraft and Rockets, Vol.
4, May 1967, pp. 698-700.

13Clauss, J.S. Jr. and Yeatman, R.D., "Effect of Heating Re-
straints on Aeroglide and Aerocruise Synergetic Maneuver Perfor-
mance," AIAA Paper 67-169, Jan. 1967.

14Paine, J.P., "Use of Lifting Reentry Vehicles for Synergetic
Maneuver," Journal of Spacecraft and Rockets,Vol. 4, May 1967, pp.
698-700.

15Nyland, F.S., "Considerations of Applying Continuous Thrust
During Syriergetic Plane Changing," Rand Corp., Santa Monica,
Calif., Rept. RM-5499-PR, Dec. 1967.

16Bonner, M.M., "Minimum Fuel Trajectories for the Synergetic
Plane Change Maneuver," Ph.D. Thesis, University of Michigan,
Ann Arbor, 1967.

17Tramonti, L., "The Effect of Finite Thrust on the Synergetic
Plane Change," Saturn V/Apollo and Beyond, National Symposium,



16 G.D. WALBERG J. SPACECRAFT

Transactions, Huntsville, Ala., Vol. 2, American Astronautical
Society, June 1967.

18Maslen, S.H., "Synergetic Turns with Variable Aerodynamics,"
Journal of Spacecraft and Rockets, Vol. 4, Nov. 1967, pp. 1475-1482.

19Rossler, M., "Optimal Aerodynamic-Propulsive Maneuvering
for the Orbital Plane Change of a Space Vehicle," Journal of
Spacecraft and Rockets, Vol. 12, Dec. 1967, pp. 1678-1680.

20Nyland, F.S., "Considerations of Applying Continuous Thrust
During Synergetic Plane Changing," American Astronautical Society
and AIAA Astrodynamics Specialist Conference, Jackson, Wyo. ,
Sept. 1968.

21Dickmanns, E.D., "Controlled Change of the Satellite Orbit
Plane by Entering the Denser Atmosphere," Dr.-Ing. Dissertation,
Rheinisch-Westfaelische Technische Hochschule, Fakultaet Fuer
Maschinenwesen, FRG, 1969.

22Dickmanns, E.D., "Optimal Control for Synergetic Plane
Change," Paper presented at 20th Congress of the International
Astronautical Federation, Mar Del Plata, Argentina, Oct. 1969.

23Wuest, W., "Aerodynamic Problems of Space Flight and Their
Simulation in a Wind Tunnel," 9th Course in Space Flight Techniques
Proceedings, Universitaet Gottingen, Gottingen, FRG, Vol. 1, March
1971.

24Tramonti, L. and Brusch, R.G., "Optimal Space Shuttle Trajec-
tory Simulation," NASA Langley Research Center Space Shuttle
Aerothermodynamics Technical Conference, Vol. 4, Feb. 1972, pp.
1439-1473.

25Dickmanns, E.D., "Heating Constrained Synergetic Plane
Change with Finite Thrust," IAF Paper 39, 24th International
Astronautical Congress, Baku, USSR, Oct. 1973.

26Dickmanns, E.D., "The Effect of Finite Thrust and Heating
Constraints on the Synergetic Plane Maneuver for a Space Shuttle
Orbiter-Class Vehicle," NASA TN-D-7211, Oct. 1973.

27Spathopoulos, T., "A Guidance Scheme for the Synergetic Tra-
jectory Turning Maneuver," Ph.D. Thesis, Technische Universitaet,
Munich, FRG, March 1975.

28Draper, A.C., Lane, P. Jr., and Zima, W.P., "A Flight Research
Vehicle to Bridge Shuttle and Hypersonic Aircraft Technology,"
AIAA Paper 77-1165, Aug. 1977.

29Dickmanns, E.D., "Optimal Orbit Transfers Making Use of the
Atmosphere," Deutsche Gesellschaft Fuer Luft- und Raunfahrt,
Walter-Hohmann-Symposium ueber Raumflugmechanik, Cologne,
FRG, March 1980.

30"Orbiter Vehicle, STS-1," Aerodynamic Design Data Book,
Vol. 1, Rockwell International, Rept. SD72-SH-0060, Vol. 1M
Downey, Calif., 1980.

31 Joosten, B.K. and Pierson, B.L., "Minimum Fuel Aerodynamic
Orbital Plane Change Maneuvers," AIAA Paper 81-0167, Jan.. 1981.

32 "Concept Evaluation of a Maneuverable Reentry Research Vehi-
cle (MRRV) and Related Experiments," Program Review, Rockwell
International, Rept. NA-81-898L, Downey, Calif., 1981.

33Ikawa, H. and Rudiger, T.F., "Synergetic Maneuvering of
Winged Spacecraft for Orbital Plane Change," AIAA Paper 82-0361,
Jan. 1982.

Planetary Missions
34Lichtenstein, J.H., "Some Considerations on the Use of At-

mospheric Braking for a Transfer Into a Martian Orbit," NASA TN
D-2837, June 1965.

35Hanley, G.M. and Lyon, F.J., "Spacecraft Heat-Protection Re-
quirements for Mars Aerodynamic Braking," Journal of Spacecraft
and Rockets, Vol. 2, July-Aug. 1965, pp. 508-515.

36Wingrove, R.C., "Trajectory Control Problems in the Planetary
Entry of Manned Vehicles," Journal of Spacecraft and Rockets, Vol.
2, Nov.-Dec. 1965, pp. 883-888.

37Bano, R.L. and Gaudin, J.W., "Performance Data for Mars
Capture and Lander Vehicles Using Aero-braking," Boeing Com-
pany, Seattle, Rept. D5-13271 AD-487490L, Aug. 1966.

38Boobar, M.G., Repic, E.M., and McDermott, A.M., "Approach
and Entry Corridors for Aerobraking at Mars and Venus," Journal of
Spacecraft and Rockets, Vol. 4, May 1967, pp. 682-684.

39Repic, E.M., Boobar, M.G., and Chapel, F.G., "Planetary Entry
of Spacecraft Utilizing Atmosphere Braking," AIAA Paper 68-157
Jan. 1968.

40Meston, R.D., "Technological Requirements Common to
Manned Planetary Missions," North American Rockwell Corp. Rept.
NASA CR-73187, Downey, Calif., Jan. 1968.

41 Dowdy, W.L., "Application of High Density-Impulse Nuclear-
Rocket Propellants in Aerobraking Spacecraft Assemblies," AIAA
Paper 68-574, June 1968.

42Boobar, M.G., Chapel, F.G., and Repic, E.M., "Aerobraking as
a Potential Planetary Capture Mode," Journal of Spacecraft and
Rockets, Vol. 5, Aug. 1968, pp. 921-926.

43 Johnson, W.E., "Use of Aerobraking for Mars Capture," AAS
Paper 68-120, Sept. 1968.

^Schy, A.A. and White, J.A., "Deceleration-Control System for
Aerobraking and Skipout to Orbit at Mars," AIAA Paper 68-1146,
Dec. 1968.

45Eliasberg, P.E. and Eysmont, N.A., "Use of Successive Brakings
in the Planetary Atmosphere for Transfer from the High-Elliptical
Orbit to a Circular One," Proceedings of Astronautical Research
1970, 21st International Astronautical Federation Congress,
Konstanz, FRG, Oct. 1970, pp. 48-58.

46Heppenheimer, T.A., "Approximate Analytic Modeling of a
Ballistic Aerobraking Planetary Capture," Journal of Spacecraft and
Rockets, Vol. 8, May 1971, pp. 554-555.

47Eysmont, N.A., "Entrance Corridors into the Atmosphere of a
Planet with Execution of the Spacecraft Capture Maneuver by
Aerodynamic Braking," Applied Problems of Space Ballistics, Scien-
tific Translation Service, Santa Barbara, Calif., NASA-TT-F-15412,
April 1974, pp. 13-30.

48Barbieri, R.W. and Cooley, J.L.,, "Atmospheric Explorer
(AE-C) Adaptive Mission Design and Trajectory Performance," AAS
Paper 75-052, July 1975.

49Okhotsimskii, D.E., Golubev, IU. F., Bukharkina, A.P.,
Filipovich, L.V., and Shelukhina, V.K., "Guiding a Space Vehicle In-
to the Orbit of a Mars Satellite by Braking in the Planet's At-
mosphere," KosmicheskieIssledovaniia, Vol. 15, May-June 1977, pp.
336-345.

50Okhotsimskii, D.E., Golubev, IU. F., Bukharkina, A.P.,
Filipovich, I.V., and Shelukhina, V.K., "Placement of a Spacecraft in
Martian Satellite Orbit by Braking in the Planet's Atmosphere,"
Cosmic Research, Vol. 15, No. 3, Nov. 1977, pp. 287-296.

51 Cruz, M.I., "The Aerocapture Vehicle Mission Design Con-
cept—Aerodynamically Controlled Capture of Payload Into Mars Or-
bit," AIAA Paper 79-0893, May 1979.

52Cruz, M.I., "Aerocapture Vehicle Mission Design Concepts for
the Inner and Outer Planets," AAS Paper 79-115, June 1979.

53Cruz, M.I., Armento, R.F., and Giles, W.H., "Aerocapture—A
System Design for Planetary Exploration," Paper presented at IAF
30th International Astronautical Congress, Munich, FRG, Sept. 1979.

54French, J.R., and Uphoff, C.W., "Aerobraking for Planetary
Missions," AAS Paper 79-286, Nov. 1979.

55French, J.R. and Cruz, M.I., "Aerobraking and Aerocapture for
Planetary Mission," Astronautics and Aeronautics, Vol. 18, Feb.
1980, pp. 48-55, 71.

56Hassett, R.J., "Design Integration of Aerocapture and
Aeromaneuver Vehicles for a Mars Sample Return Mission," AIAA
Paper 80-0728, May 1980.

57French, J.R. and McRonald, A.D., "Thermophysical and System
Integration Considerations in Aerobraking Design—Spacecraft Orbit
Circularizations," AIAA Paper 80-1492, July 1980.

58Cruz, M.I., "Technology Requirements for a Generic Aerocap-
ture System for Atmospheric Entry," AIAA Paper 80-1493, July
1980.

59"Trajectory Appendices," Generic Aerocapture Atmospheric
Entry Study, Vol. 2: General Electric Co. and Jet Propulsion Lab.,
Pasadena, Calif., NASA CR-164160, Oct. 1980.

6Q Generic Aerocapture Atmospheric Entry Study, Vol 1, General
Electric Co. and Jet Propulsion Lab., Pasadena, Calif. NASA
CR-164161, Oct. 1980.

61 Florence, D.E., "Aerothermodynamic Design Feasibility of a
Mars Aerocapture/Aeromaneuver Vehicle," AIAA Paper 81-0350,
Jan. 1981.

62Tiwari, S.N. and Chow, H., "Analysis of Aerothermodynamic
Environment of a Titan Aerocapture Vehicle," AIAA Paper 81-1128,
June 1981.

63Tang, C.C.H. and Kwok, J.H., "Aerobraking Techniques for
Planetary Missions," AAS Paper 81-132, Aug. 1981.

64Kerridge, S.J., "Aerobraking Techniques for Planetary Mis-
sions," ASS Paper 81-133, Aug. 1981.

65Dallas, S.S. and Kwok, J. H., "The Venus Orbiting Imaging
Radar Mission," AIAA Paper 81-183, Aug. 1981.

66Mease, K.D., Weidner, R.J., Kechichian, J.A., Wood, L.J., and
Cruz, M..L, "Aerocapture: Guidance, Navigation and Control,"
AIAA Paper 82-1381, Aug. 1982.

67Green, M.J., Moss, J.N. and Wilson, J.F., "Aerother-
modynamic Environment and Thermal Protection for a Titan
Aerocapture Vehicle," AIAA Paper 84-1714, June 1984.



JAN.-FEB. 1985 A SURVEY OF AEROASSISTED ORBIT TRANSFER 17

Orbital Transfer Vehicles
68Kostoff, R.N., "Aerobraking the Space Tug from Sychronous

Orbit Into Low Circular Earth Orbit," Bellcomm, Inc., Washington,
D.C., NASA CR-119574, July 1971.

69Kostoff, R.M., "Multi-Pass Aerobraking Project Summary,"
Bellcomm, Inc., Washington, D.C., NASA CR-125566, Oct. 1971.

70Corso, C.J., and Eyer, C.L., "Executive Summary," Space Tug
Aerobraking Study, Vol. 1, Boeing Co. Huntsville, Ala., NASA
CR-123641, April 1972.

71Corso, C.J. and Eyer, C.L., "Technical" Space Tug Aerobrak-
ing Study, Vol. 2: Boeing Company, Huntsville, Ala., NASA
CR-124057, April 1972.

72Hendricks, W.L., "Nonequilibrium and Equilibrium Radiation
to the Space Tug from the Shock Layer," The NASA-ASEE Summer
Faculty Fellowship Program, Auburn University, Auburn, Ala., Sept.
1972, p. 229-278.

73Andrews, D.G., "Feasibility and Tradeoff Study of an
Aeromaneuvering Orbit-to-Orbit Shuttle (AMOOS)," Lockheed
Missiles and Space Co., Huntsville, Ala., Rept. LMSC-HREC TR
D306600, June 1973.

74Strauss, E.L., "Ablative Thermal Protection for Space Tug
Multipass, Aerobraking Entry," AIAA Paper 74-400, April 1974.

75Ketter, F.C. Jr., "Results of Test to Determine the Aerodynamic
Characteristics of Two Potential Aeromaneuvering Orbit-to-Orbit
Shuttle (AMOOS) Vehicle Configurations in the NASA Ames
3.5-Foot Hypersonic Wind Tunnel," Lockheed Missiles and Space
Co., Huntsville, Ala., NASA CR-120423, May 1974.

76White, J., "Feasibility and Tradeoff Study of an Aeromaneuver-
ing Orbit-to-Orbit Shuttle (AMOOS)," Lockheed Missiles and Space
Co., Huntsville, Ala., NASA CR- 130431, July 1974.

77Render, J.J., "Guidance of an Aeromaneuvering Orbit-to-Orbit
Shuttle Through a Statistically Varying Atmosphere Space Tug Tra-
jectory Optimization," NASA TM X-74638, June 1975.

78Render, J.J., "A Linear Feedback Guidance Law for an
Aeromaneuvering Orbit-to-Orbit Shuttle," AAS Paper 75-065, July
1975.

79Hethcoat, J.P., "Aeromaneuvering Orbit Transfer Vehicles for
the Space Transport System," IAF Paper 76-173, IAF 27th Interna-
tional Astronautical Congress, Anaheim, Calif., Oct. 1976.

80Chambers, R.J., "Navigation Accuracy Requirements of
Aeromaneuvering Space Vehicles," M.S. Thesis, Air Force Institute
of Technology, Wright-Patterson AFB, Dayton, Ohio, March 1977.

8Program Development, NASA Marshall Space Flight Center,
"Orbit Transfer Systems with Emphasis on Shuttle Appli-
cations—1986-1991," NASA TM X-73394, 1977.

82Heald, D.A., "Is a Versatile Orbit Transfer Stage Feasible-Orbit
Transfer Concepts, Potential Missions and Evolution," AIAA Paper
79-0866, May 1979.

83Boyland, R.E., Sherman, S.W., and Morfin, H.W., "Manned
Geosynchronous Mission Requirements and Systems Analysis
Study," Grumman Aerospace Corp., Bethpage, NY, NASA
CR-160429, Nov. 1979.

84"Orbital Transfer Vehicle Concept Definition Study," The Boe-
ing Company, Seattle, Rept. D180-26090, Vols. 1-6, 1980.

85Grenich, A.F. and Woods, W.C.., "Flow Field Investigation of
Atmospheric Braking for High Drag Vehicles with Forward Facing
Jets in Spacecraft Entry," AIAA Paper 81-0293, Jan. 1981.

86Andrews, D.G. and Bloetcher, F., "Aerobraked Orbital Transfer
Vehicle Definition," AIAA Paper 81-0279, Jan. 1981.

87Rocketdyne, "Orbit Transfer Vehicle Engine Study. Phase A:
Continuation Study Results," Rocketdyne, Canoga Park, Calif.,
NASA CR-161688, Feb. 1981.

88Andrews, D.G., Caluori, V.A., and Bloetscher, F., "Optimiza-
tion of Aerobraked Orbital Transfer Vehicles," AIAA Paper 81-1126,
June 1981.

89"Orbital Transfer Vehicle (OTV) Concept Definition Study,"
General Dynamics—Convair Div., Rept. GDC-ASP-80-012, Vols.
1-6, 1981.

90Walberg, G. D., "Aerodynamic Enhancement of Space
Transportation Systems," Paper IAF-81-3, 32nd International
Astronautical Federation Congress, Rome, Sept. 1981.

91 Austin, R.C., Cruz, M.I., and French, J.R., "System Design
Concepts and Requirements for Aeroassisted Orbital Transfer
Vehicles," AIAA Paper 82-1379, Aug. 1982.

92Letts, W.R. and Pelekanos, A., "Aeroassisted Orbital Transfer
Mission Evaluation," AIAA Paper 82-1380, Aug. 1982.

93Cruz, M.I., French, J.R., and Austin R.E., "System Design Con-
cepts and Requirements for Aeroassisted Orbital Transfer Vehicles,"
AIAA Paper 82-1379, Aug. 1982.

94Letts, W.R. Jr. and Pelekanos, A., "Aeroassisted Orbital
Transfer Mission Evaluation," AIAA Paper 82-1380, Aug. 1982.

95Miller, C.G. and Gnoffo, P.A., "An Experimental Investigation
of Hypersonic Flow Over Biconics at Incidence and Comparison to
Prediction," AIAA Paper 82-1382, Aug. 1982.

96Miller, C.G., Blackstock, T.A., and Helms, V.T., "An Ex-
perimental Investigation of Control Surface Effectiveness and Real-
Gas Effects for Biconics," AIAA Paper 83-0213, Jan. 1983.

97Shinn, J.L. and Jones, J.J., "Chemical Nonequilibrium Effects
on Flowfields for Aeroassisted Orbital Transfer Vehicles," Journal of
Spacecraft and Rockets, Vol. 22, Jan.-Feb. 1985, pp. 54-59.

98Schmitt, D.A., "Base Heating on an Aerobraking Orbital
Transfer Vehicle," AIAA Paper 83-0408, Jan. 1983.

99Howe, J.T., "Introductory Aerothermodynamics of Advanced
Space Transportation Systems," AIAA Paper 83-0406, Jan. 1983.

100Menees, G.P., "Trajectory Analysis of Radiative Heating for
Planetary Missions with Aerobraking of Spacecraft," Journal of
Spacecraft and Rockets, Vol. 22, Jan.-Feb. 1985, pp. 37-45.

101 Park, C., "Radiation Enhancement by Nonequilibrium in
Earth's Atmosphere," Journal of Spacecraft and Rockets, Vol. 22,
Jan.-Feb. 1985, pp. 27-36.

102Stephenson, B.L. and Hassan, H.A., "Heating Analysis of
Bent-Nose Biconics at High Angles of Attack Using the Parabolized
Navier-Stokes Equations," AIAA Paper 83-1507, June 1983.

103Miller, C.G., Micol, J.R., and Gnoffo, P.A., "Heat Transfer
Distributions on Biconics at Incidence in Hypersonic-Hypervelocity
He, N2, Air, and CO2 Flows," AIAA Paper 83-1508, June 1983.

104Hair, L.M. and Engel, C.D., "Low L/D Aerobrake Test at
Mach 10," AIAA Paper 83-1509, June 1983.

105Florence, D., "Aerothermodynamic Design Considerations of
an Aerobraked Spacecraft," AIAA Paper 83-1510, June 1983.

106Balakrishnan, A., Davy, W. C., and Lombard, C.K., "Real-Gas
Flowfields About Three-Dimensional Configurations," Journal of
Spacecraft and Rockets, Vol. 22, Jan.-Feb. 1985, pp. 46-53.

107Davies, C.B. and Park, C., "Generalized Bent-Biconic
Geometry for Aero-Assisted Orbital Transfer Vehicles," AIAA Paper
83-1512, June 1983.

108Menees, G.P., "Thermal Protection Requirements for Near-
Earth Aeroassisted Orbital-Transfer Vehicle Missions," AIAA Paper
83-1513, June 1983.

109Vinh, N.X., "Optimal Control of Orbital Transfer Vehicles,"
AIAA Paper 83-2092, Aug. 1983.

110Cruz, M.I., Kechichian, J.A., and Rinderle, E.A., "Optimiza-
tion and Closed-Loop Guidance of Drag-Modulated Aeroassisted Or-
bital Transfer," AIAA Paper 83-2093, Aug. 1983.

UIMease, K.D. and Vinh, N.X., "Minimum-Fuel Aeroassisted
Coplanar Orbit Transfer Using Lift Modulation," AIAA Paper
83-2094, Aug. 1983.

112Cervisi, R.T., "Analytic Solution for a Cruising Plane Change
Maneuver," AIAA Paper 83-2095, Aug. 1983.

113Ikawa, H., "A Methodology for Aerodecelerating Entry Trajec-
tory Analysis," AIAA Paper 83-2096, Aug. 1983.

114Florence, D. and Fisher, G., "System Technology Analysis of
Aeroassisted Orbital Transfer Vehicles: Moderate Lift/Drag," AIAA
Paper 83-2108, Aug. 1983.

115Andrews, D.G. and Norris, R.B., "Benefits of High
Aerodynamic Efficiency to Orbital Transfer Vehicles," AIAA Paper
83-2109, Aug. 1983.

116Gamble, J.D., Cerimele, C.J., and Spratlin, K., "Aerobraking
of a Low L/D Manned Vehicle from GEO Return to Rendezvous with
the Space Shuttle Orbiter," AIAA Paper 83-2110, Aug. 1983.

117Andrews, D.G., Savage, R.T., and Davis, S.W., "Technology
Identification for Aeroconfigured Orbital Transfer Vehicles," AF-
WAL TR-83-3090, Vols. I and II, Oct. 1983.

118Park, C., "Calculation of Nonequilibrium Radiation in AOTV
Flight Regimes," AIAA Paper 83-2110, Aug. 1983.

119Menees, G.P., Park, C., and Wilson, J.F., "Design and
Performance Analysis of a Conical-Aerobrake Orbital-Transfer Vehi-
cle Concept," AIAA Paper 84-0410, 1984.

120Shih, P.K. and Gay, A., "Low L/D Aerobrake Heat Transfer
Test at Mach 10," AIAA Paper 84-0309, Jan. 1984.

121Wilhite, A.W., Arrington, J.P., and McCandless, R.S., "Per-
formance Aerodynamics of Aeroassisted Orbital Transfer Vehicles,"
AIAA Paper 84-0406, Jan. 1984.

122Powell, R.W., Naftel, J.C., and Stone, H.W., "Performance
Evaluation of the Atmospheric Phase of an Orbital Transfer Vehi-
cle," AIAA Paper 84-0405, Jan. 1984.

123Rehder, J.J., "Multiple Pass Trajectories for an Aero-Assisted
Orbital Transfer Vehicle," AIAA Paper 84-0407, Jan. 1984.



18 G.D. WALBERG J. SPACECRAFT

124Talay, T.A., White, N.H., and Naftel, J.C., "Impact of At-
mospheric Uncertainties and Real Gas Effects on the Performance of
Aero-Assisted Orbital Transfer Vehicles," AIAA Paper 83-0408, Jan.
1984.

125Morris, W.D., Talay, T.A., and Eide, D.G., "Impact of
Aeroassisted Orbital Transfer Vehicles Operation Modes on Shuttle
Flight Rates," AIAA Paper 84-0317, Jan. 1984.

126Gnoffo, P.A., "Complete Flowfields Over Low and Wide Angle
AOTV Conceptual Configurations," AIAA Paper 84-1695, June
1984.

127Balakrishnah, A., "Flowfield Computation of an Aerobrake Or-
bital Transfer Vehicle," AIAA Paper 84-1697, June 1984.

128Martin, F.W. Jr. and Albertson, C.W., "Aerothermal Environ-
ment of a Blunted Three-Dimensional Nonaxisymmetric Body at
Mach 6.8," AIAA Paper 84-1698, June 1984.

129Lombard, C.K. and Venkatapathy, E., "Forebody and
Baseflow of a Dragbrake OTV by an Extremely Fast Single Level Im-
plicit Algorithm," AIAA Paper 84-1699, June 1984.

*30Scott, D.C., Reid, R.C., Maraia, R.J., Liu, C.P., and Derry,
S.M., "An AOTV Aeroheating and Thermal Protection Study,"
AIAA Paper 84-1710, June 1984.

131Menees, G.P., Davies, C.B., and Wilson, J.F., "Aerother-
modynamic Heating Analysis of Aerobraking and Aeromaneuvering
Orbit-Transfer Vehicles," AIAA Paper 84-1711, June 1984.

132Pitts, W.C., and Murbach, M.S., "Thermal Control for an
AOTV with Conical Drag Drake," AIAA Paper 84-1712, June 1984.

133Desautel, D., "Analytical Characterization of AOTV Perigee
Aerothermodynamic Regime," AIAA Paper 84-1713, June 1984.

134Lee, J.H., "Basic Governing Equations for AOTV Flight
Regimes," AIAA Paper 84-1729, June 1984.

135Park, C., "Problems of Rate Chemistry in AOTV Flight
Regimes," AIAA Paper 84-1730, June 1984.

136Sutton, K., "Air Radiation Revisited," AIAA Paper 84-1733,
June 1984.

137Swann, R.T., Wood, G.M., Brown, R.D., and Upchurch, B.T.,
"Non-Catalytic Surfaces for Metallic Heat Shields," AIAA Paper
84-1734, June 1984.

138Paris, S.W. and Hargraves, C.R.., "A Comparison of Methods
for the Computation of Aero-Assisted Orbit Transfers," AIAA Paper
84-2041, Aug. 1984.

139Miller, C.G. Ill, Gnpffo, P.A., and Wilder, W.E., "Experimen-
tal Heating Distributions for Biconics at Incidence in Mach 10 Air and
Comparison to Prediction," AIAA Paper 84-2119, Aug. 1984.

140Woods, W.C., Andrews, D.A., and Bloetscher, F., "Ex-
perimental Evaluation of an Inflatable Ballute for Application to
Aero-Assisted Orbiter Transfer Vehicles," AIAA Paper 84-2122,
Aug. 1984.

141Gamble, J.D., Spratlin, K.M., and Skalecki, L.M., "Lateral-
Directional Requirements for Low L/D Aeromaneuvering Orbital
Transfer Vehicles," AIAA Paper 84-2123, Aug. 1984.

142Andrews, D.G., et al., "System Technology Analysis of
Aeroassisted Orbital Transfer Vehicle (Low Lift/Drag)," Boeing Co.,
Seattle, Rept. D180-27979, Vols. I and II, NASA Contract
NAS8-35095, Nov. 1984.

From the AIAA Progress in Astronautics and Aeronautics Series

SPACECRAFT RADIATIVE TRANSFER
AND TEMPERATURE CONTROL—v. 83

Edited by T.E. H or ton, The University of Mississippi

Thermophysics denotes a blend of the classical engineering sciences of heat transfer, fluid mechanics, materials, and
electromagnetic theory with the microphysical sciences of solid state, physical optics, and atomic and molecular dynamics.
This volume is devoted to the science and technology of spacecraft thermal control, and as such it is dominated by the topic
of radiative transfer. The thermal performance of a system in space depends upon the radiative interaction between ex-
ternal surfaces and the external environment (space, exhaust plumes, the sun) and upon the management of energy ex-
change between components within the spacecraft environment. An interesting future complexity in such an exchange is
represented by the recent development of the Space Shuttle and its planned use in constructing large structures (extended
platforms) in space. Unlike today's enclosed-type spacecraft, these large structures will consist of open-type lattice net-
works involving large numbers of thermally interacting elements. These new systems will present the thermophysicist with
new problems in terms of materials, their thermophysical properties, their radiative surface characteristics, questions of
gradual radiative surface changes, etc. However, the greatest challenge may well lie in the area of information processing.
The design and optimization of such complex systems will call not only for basic knowledge in thermophysics, but also for
the effective and innovative use Of computers. The papers in this volume are devoted to the topics that underlie such
present and future systems.

552pp., 6x9, illus., $30.00Mem., $45.00 List

TO ORDER W R I T E : Pub l ica t ions Order Depi., A I A A , 1633 Broadway, New York , N.Y, 10019


	p: 


