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Introduction

EROCAPTURE has been studied extensively for application

on manned Mars missions,"? and, more recently, for robotic
probes to Neptune and Titan.>* However, use of traditional aero-
capture at the gas giants has limited appeal because of very high
atmospheric entry speeds, severe aerothermal heating, and heavy
ablative heat shields.’

The present study considers the application of a related maneuver
known as an aerogravity assist (AGA), in which the atmosphere and
gravitational field of Titan would be used to decelerate a spacecraft
and deflect its trajectory, resulting in capture into a closed orbit
about Saturn. Because of its high atmospheric density, Titan is well
suited for such a mission design. This approach is more appealing
than capture using the atmosphere of Saturn itself, because of the
much lower entry speed at Titan and the lower heating rate and heat
load. The less severe aerothermal environment translates directly
into weight savings in the vehicle’s thermal protection system.

Titan has a near-circular, equatorial orbit about Saturn at a radius
from the planetary center of 1.22 x 10% km and an orbital velocity
(Vr) of approximately 5.57 km/s. This orbit is well outside the
ring system, which extends in the equatorial plane to a radius of
approximately 480,000 km. A wide range of potential target orbits
about Saturn could be achieved by means of a successful AGA at
Titan. The final Saturnian orbit will depend on both the orientation
and magnitude of the probe’s outbound hyperbolic excess speed with
respect to Titan (VL) after the AGA. By lining up the outbound V.2
with Vr, an orbit can be reached with a periapsis radius equal to that
of Titan’s orbit and a higher apoapsis. If the outbound V[ is in the
opposite direction, the final orbit will have an apoapsis radius equal
to that of Titan’s orbit and a lower periapsis radius (Fig. 1).

The proposed strategy could be used on a Cassini-type mission
with a Saturnian orbital periapsis of approximately 160,000 km,
allowing the probe to pass through the gap between rings F and
G. Achieving this periapsis radius will require an outbound V1 of
approximately 2.89 km/s, opposite in direction to Titan’s orbital
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velocity vector. However, if V; and the outbound V; are collinear,
the final spacecraft trajectory about Saturn will lie very near to or in
the ring plane. Directing an outbound VX of 3 km/s opposite to Vr
and about 11 deg above the orbital plane would yield a final orbit
about Saturn with the apoapsis coincident with the ascending node at
Titan’s orbital distance, the periapsis coincident with the descending
node and passing between rings F and G, and an orbital inclination
of approximately 12 deg, thereby avoiding the ring plane.

In this study, we examined atmospheric entry corridors for a vari-
ety of vehicles and considered the impact of atmospheric dispersions
and variations in the final target orbit on the aerogravity maneuver.

Methodology

The entry corridor for a traditional aerocapture maneuver is de-
fined as the range of atmospheric entry flight path angles that can
result in successful capture into a desired target orbit. For the present
study this definition is slightly modified so that the target is not a
closed orbit about Titan, but a specified hyperbolic excess speed
with respect to Titan that results in a closed orbit about Saturn. The
shallow end of this corridor is defined by the overshoot boundary;
for the present study we find this limit by simulating a full lift-down
trajectory and adjusting the entry angle until the exit velocity meets
the desired target value. Similarly, we find the steepest possible
angle (the undershoot boundary) by simulating a full lift-up trajec-
tory and adjusting the entry angle until the vehicle’s atmospheric
exit velocity satisfies the target value. No deceleration or heating
constraints are imposed on the trajectories.

Trajectory simulations were conducted using the three-
dimensional version of the Program to Optimize Simulated Tra-
jectories (POST).® The nominal, minimum, and maximum density
atmospheric profiles for Titan were taken from Yelle et al.” and are
shown in Fig. 2. Atmospheric entry speeds (V) of 6 to 10 km/s were
examined, corresponding to inbound values of VI ranging from 5.54
to 9.73 km/s. The large range of V considered allows the study re-
sults to be applicable over a wide variety of potential interplanetary
trajectories and approach geometries. Trajectory simulations were
begun at an altitude of 905 km with due east equatorial entries. A
vehicle mass of 600 kg was used, and four aerobrake configurations

Titan’s orbit
R=1.22(10°) km

Saturn

Orbit A Orbit B
Outbound V,," anti- parallel to V¢ Outbound V" parallel to V¢
Semi-major axis = 8.33 (10°) km Semi-major axis = 3.13 (10°) km

Fig. 1 Potential variation in final Saturnian orbit for outbound V:o
1.5 km/s.
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Fig. 2 Titan atmospheric density profiles from Yelle et al.t
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Fig. 3 Corridor width vs entry velocity for a probe with L/D 0.25.

were evaluated: a biconic with a continuum L /D of 1.0 and a refer-
ence area of 3.14 m? and three blunt bodies with continuum L /Ds
of 0.25, 0.39, and 0.48 and reference areas of 12.56 m?. (Transi-
tional and free-molecular aerodynamics were not considered.) The
vehicle was targeted to outbound values of V. ranging from 1.0 to
3.0 km/s. Thus far, no constraints have been placed on the direction
of the outbound V L. Simple two-body mechanics and patched-conic
analysis were used to determine the trajectory once the vehicle left
Titan’s atmosphere.

Results

The corridor width for an L/D of 0.25 is shown in Fig. 3 as a
function of entry velocity for both the nominal and extreme atmo-
spheric models and for three target values of the outbound V1. In
general, the high-density atmosphere produced a shallower under-
shoot bound than the nominal atmosphere did, and the low-density
atmosphere produced a steeper overshoot bound than was allowed
with the nominal atmospheric profile. Because the density profile
that will be encountered is not known prior to entry, it is necessary to
consider the corridor width with these narrower limits. The corridor
defined in this manner must be wide enough to allow for off-nominal
atmospheric entry angles, navigation knowledge errors, and uncer-
tainties in the expected aerodynamic performance of the vehicle.
Current estimates indicate that insertion angle errors of £0.9 deg
are to be expected. Therefore, a corridor width of 2.0 deg is the
minimum considered acceptable for this study. Improvements in
interplanetary navigation capabilities that result in a more precise
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Fig. 5 Periapsis radius of final Saturn orbit vs spacecraft atmospheric
exit velocity at Titan. Outbound Vgo is opposite in direction to V7.

insertion angle might allow this corridor requirement to be relaxed.
It is apparent that an increase in the targeted outbound V.2 from 1.0
to 3.0 km/s substantially reduces the aerodynamic corridor width.
This finding follows the trend seen in conventional aerocapture stud-
ies, where corridor widths often decrease as the target apoapse and
final orbital energy increase. This trend results from the decreased
control the vehicle can exert over its trajectory as the duration of the
atmospheric pass and the required energy loss are reduced.

If we assume that a 2-deg, corridor is required, the choice of
entry velocity and outbound V.. determines whether a given L/D
is adequate. For the previously described Cassini-type target orbit
with a periapsis between rings F and G, the outbound V1 will need
to be near 3 km/s, and a lift-to-drag ratio higher than 0.25 will be
required. Figure 4 shows corridor widths for three values of the
L/D, assuming an outbound VI of 3.0 km/s. The arrows indicate
the reduction in corridor width caused by atmospheric uncertainty,
with the solid lines representing the nominal atmosphere and the
dashed lines showing the results for Yelle’s low- and high-density
profiles.

Figure 5 indicates the sensitivity of the final Saturn orbit to varia-
tion in the atmospheric exit speed. Although the slope of this curve
is a strong function of the alignment of V7 and the outbound V.1 of
the probe, it is apparent that precise targeting of the atmospheric exit
velocity (and outbound V1) will be required to achieve the desired
target orbit.
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Aerodynamic heating was not calculated as part of this pre-
liminary study. However, work has been carried out previously
at NASA Ames to evaluate the aerothermal environment during
Titan aerocapture.’> The atmosphere is approximately 95% nitro-
gen and 5% methane; the presence of methane results in substantial
radiative heating, well above the convective contribution. Unfortu-
nately, there remains considerable uncertainty in the radiative com-
putations. However, the aerothermal environment for the proposed
mission is likely to be less severe than for capture into orbit about
Titan itself, because the vehicle departs Titan with a finite V,, and,
therefore, undergoes a smaller energy loss during the atmospheric
trajectory. Vehicle decelerations are typically modest, with an un-
dershoot trajectory for the biconic vehicle entering at 8 km/s peaking
near 13 G.

Future Work

Substantial work must be devoted to determining the optimal
Titan approach, the required turn angle during the maneuver, and
the L /D necessary to carry out the turn. The results will be highly
dependent on the target orbit about Saturn. An approach with the ve-
hicle and Titan initially traveling in the same direction would lessen
the atmospheric entry speed, but would require a turn of nearly
180 deg to achieve a low periapsis altitude about Saturn. Such a
large turn would increase the duration of the atmospheric trajectory
and might require a higher L /D than an oblique approach. A com-
plex trade-off study will be required to select a strategy that yields
the least severe aerothermal environment and the lightest weight
aerobrake. For example, which would be lighter, a biconic entering
at 8 km/s and executing a nearly 180-deg intra-atmospheric turn or
a blunt configuration entering at 11 km/s but having a considerably
shorter duration atmospheric trajectory?

It will also be important to determine the feasibility of accurately
targeting the direction as well as the magnitude of the outbound VL.
Targeting both of these variables while allowing for potential atmo-
spheric dispersions will require a Monte Carlo-type study using a
predictor—corrector guidance algorithm similar to that described in
Refs. 1 and 2. A closely related task will be the evaluation of post-
capture propulsion requirements for orbital clean-up. In addition,
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the impact of Saturn’s gravitational field on the maneuver must be
evaluated using a code that allows for multibody dynamics. Last,
the potential use of this type of maneuver for orbital capture at the
Neptune/Triton system should be considered.

Conclusions

Orbital capture about Saturn using a Titan aerogravity assist ma-
neuver appears to be feasible. Depending on the choice of the
final Saturn orbit and the atmospheric entry speed at Titan, blunt
aeroshells or vehicles with midrange L/D (such as biconics) of-
fer adequate entry corridors, even when atmospheric dispersions
are accounted for. Deceleration loads are modest, and aerodynamic
heating should be less than that associated with capture into orbit
about Titan itself. A vehicle using this strategy could reach a wide
range of final orbits about Saturn but must accurately target both the
direction and magnitude of V, as it departs Titan.
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