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ABSTRACT

An inflatable ballute system for aerocapture at the
atmosphere-bearing planets and at Titan may provide
significant performance benefits, compared to
conventional propulsive capture and aerocapture
technologies. Ballute simulations to date release the
ballute at the appropriate instant and then ignore it to
focus on the trajectory of the orbiter. The latest
concept, which we pursue in this paper, is to employ the
ballute to soft-land a small payload. Thus the same
ballute can provide two uses (1) aerocapture of the
orbiter and (2) soft-landing of the lander package, hence
the term dual-use ballute. The dual-use ballute concept
has the potential to dramatically alter the way we
approach exploration of the atmosphere-bearing bodies
in the Solar System. Cases investigated here include
aerocapture and soft-landing at Mars, Titan and
Neptune.

1. INTRODUCTION

The ballute (a term originating from balloon-parachute)
provides a large aerodynamic drag area to achieve orbit
insertion. The ballute’s large area-to-mass ratio allows
the vehicle to stay high in the atmosphere where the
heating rate is lower.

Traditional propulsive capture is not cost effective, in
that it requires the vehicle to carry large amounts of
propellant for insertion into low altitude orbits. The
small reference areas associated with aerocapture using
a lifting-body (or aeroshell) requires the spacecraft to
dive deep into the atmosphere where the densities are
higher. The high densities result in high heating rates
and necessitate additional mass for heat shielding. The
use of a large, lightweight inflatable device for
aerocapture could provide a significant mass savings
over the previously mentioned capture vehicles.

During ballute aerocapture, the orbiter approaches the
planetary body on a hyperbolic trajectory, deploying the
ballute before entering the atmosphere. Inside the
atmosphere, the vehicle begins to decelerate at a rapidly
increasing rate. Once the desired velocity change is
achieved, the ballute is released allowing the orbiter to
exit the atmosphere, where it can propulsively raise
periapsis and achieve the desired orbit.

If a lander package remains attached to the ballute, it
will inevitably land on the surface enabling the ballute
to provide dual-function, as depicted in Fig. 1.
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Fig. 1. Dual-Use Ballute Schematic

In this paper, we explore the feasibility of a dual-use
ballute through specific trajectory simulations generated
by Global Aerospace Corporation’s HyperPASS
simulation software [1]. Trajectory simulations are
conducted for aerocapture and soft-landing at Mars,
Titan and Neptune, as representative cases.
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2. BACKGROUND

Because of performance advantages and mass savings
potential, a significant amount of research has been
carried out to investigate the feasibility of different
ballute systems and missions. A systems level study of
ballutes for aerocapture at several planetary bodies has
been conducted by McRonald [2-4] and an extensive
review of ballute technology is provided by Hall [5]. K.
Miller et al. [6] characterize and refine the use of
ballutes for future aerocapture missions. Current
research is ongoing at a number of companies and
laboratories including Ball Aerospace, ILC Dover,
NASA Langley Research Center, and The Jet
Propulsion Laboratory. In addition, Lyons and
McRonald [7] have recently done some preliminary
studies on the feasibility of using a dual-use ballute
system at Titan.

Fig. 2 illustrates one possible configuration (a tethered
toroid, commonly called a towed ballute). Another
configuration is the clamped ballute (where a ballute is
directly attached to the spacecraft without the use of
tethers). Variations on these basic ideas are also being
considered.

Fig. 2. Toroidal Towed Ballute Configuration
(Ball Aerospace Concept)

3. ISSUES

Making aerocapture and landing with a ballute a reality
is a formidable task for a host of reasons that have been
identified by numerous investigators [5, 6]. In the
interest of brevity, we merely provide the following list
with key references:

1. Determination of the optimal ballute shape and
configuration [6, 8],

. Heating and material limits [9, 10],

. Packing and storage [5],

. Trajectory robustness [12-15],

. Flow stability [16-21],

. Aeroelasticity [22],

. Deployment and inflation [23], and

. Tether design for towed ballutes [6].
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If these technological challenges are surmountable, then
the dual-use concept will be feasible for aerospace
applications. While several of these issues have been
described in detail by the authors referenced, we will
assume all of the issues have been resolved for the
purpose of our study. We now take a look at trajectory
simulations and numerical analysis for our three
reference cases.

4. NUMERICAL RESULTS

To demonstrate the dual-use ballute concept, trajectory
simulations are conducted at Mars, Titan and Neptune
using HyperPASS [1]. Some features of HyperPASS
include the capability to perform guided aerocapture,
guided ballute aerocapture, aerobraking, and unguided
user-entered trajectory simulations. In order to perform
the dual-use ballute simulations, we modified the
HyperPASS code to include simulation for descent to
the surface. HyperPASS incorporates the following
assumptions for trajectory propagation and calculations:

* Spherical planetary body

* Inverse-square gravity field

* Rotating atmosphere (with planet)

* Point-mass vehicle representation

* Exponentially interpolated atmosphere
* Constant drag coefficient (Cp) model

The Mars, Titan and Neptune cases presented here use
the same orbiter+ballute/lander sysem (described in
Table 1) for the purpose of comparison. Since these
parameters were developed for a Titan example, they
may not work at Neptune, where the entry speeds are
significantly higher. Simulation parameters at Titan and
Neptune are adapted from previous studies [6, 12-15]
and are displayed in Table 2; the target apoapsis at Mars
is chosen to achieve a 7-day parking orbit. HyperPASS
chooses an entry flight path angle (FPA) by selecting
the steepest entry that allows the orbiter to barely exit
the atmosphere (assuming the ballute is not released).
Thus, the chosen exit orbit will be nearly circular.
Because the target apoapsis altitude is higher than that
of the chosen exit orbit, it is guaranteed that the ballute



will be released inside the atmosphere. The trajectory is
then propagated, releasing the ballute at the appropriate
time to achieve the target exit conditions (corresponding
to an eccentric orbit).This method allows the vehicle to
dive deep enough to accommodate navigation and
atmospheric uncertainties while still maintaining a high
enough trajectory to keep the heating rates low. (These
uncertainties are not modeled in the present code and
our current approach may not provide the lowest
possible heating rates.)

Table 1 Vehicle Parameters for Dual-Use Ballute
Simulations at Mars, Titan and Neptune

Parameter Orbiter Ballute/Lander
m 400 kg 100 kg
Cp 1.37 1.37
A 2m’ 750 m”
R, 0.8 m 15.5m

Table 2 Entry and Target Conditions for Dual-Use
Ballute Simulations at Mars, Titan and Neptune

Condition Mars Titan Neptune
Aﬁgggf’ﬁfn 150 1025 1500
I'S‘f;te‘:l ﬁl‘:fsy 5.75 6.5 236
I“eFrlﬁiZf Ee“g"y -8.49 -30.50 -11.10

T*Xlgtft‘u"‘dg’“ﬁﬁfis 16685 1700 430,000

Fig. 3 shows the time history of the altitude during the
atmospheric flight of each trajectory. The entry
altitudes and release times are depicted by dashed lines
labeled on the plots (we note that all of the release times
occur within 10 minutes of entry). The orbiter altitude
is decreasing while the ballute is attached. Because the
nominal trajectory is targeted low enough to
accommodate uncertainties, the ballute is released
before periapsis is reached in each example. The orbiter
has enough speed to escape the atmosphere (indicated
by a U-shaped trajectory), while the ballute and
anything still attached to it will always end up on the
surface (indicated by asymptotic descent to zero
altitude).
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Fig. 3. Altitude vs. Time Since Entry

Fig. 4 shows the velocity history during atmospheric
flight. Initially, velocity relative to the atmosphere
decreases rapidly from drag acting on the ballute. After
release, the orbiter speed decreases as altitude increases,
while the ballute/lander speed decreases rapidly until
terminal velocity is achieved. Slow speed relative to the
atmosphere means that winds will perturb the landing
site which is not desirable for precision landing. The
perturbation may be alleviated by releasing the ballute
before landing. An alternate scheme is to employ a
steerable parachute.
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Fig. 4. Velocity vs. Time Since Entry

Prior to running the simulations, we calculated the
terminal velocity () for each case,
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where m and A are the mass and reference area of the
ballute/lander (sans orbiter), respectively. Table 3
shows the results of this calculation, as well as other
planet-specific parameters including gravitational
constant (g,uner), reference atmospheric density (_,), and
planet radius (R,une). In the case of Neptune, we define
the “surface” at an atmospheric density of 0.0013 kg/m’
which corresponds to a radius of 24764 km. Fig. 5
shows the approach to terminal velocity for the
ballute/lander at each target body, referenced to the
defined planetary surface. In all three cases, near the
end of the trajectory, the ballute/lander descends at
(very nearly) the instantaneous terminal velocity (until
it slows to the surface terminal velocity indicated in
Fig. 5).

Table 3 Terminal Velocity Calculation at Titan,
Mars, and Neptune

Titan Mars Neptune
Zptanee | 1.3541 m/s” 3.7114 m/s* 11.1456 m/s’
., 5.68 kg/m’ 0.0155kg/m® | 0.0013 kg/m’
Rytanet 2575 km 3397 km 24764 km
Veerm 0.215 m/s 6.83 m/s 40.85 m/s
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Fig. 5: Approach to Terminal Velocity vs. Time
(logarithmic scale) Since Entry

The ballute release times presented here are selected by
HyperPASS to hit the orbiter target condition exactly.
In applications, an onboard separation algorithm will be
used to estimate the drag effect on the orbiter after
separation in order to release the ballute at the
appropriate time. Propellant will be required to raise
the periapsis of the orbiter out of the atmosphere and up
to the target orbit altitude. Additional propellant will be
needed to adjust the apoapsis altitude if the ballute is
released too early or too late.

In Fig. 6 we see that upon entering the atmosphere, the
large drag area causes rapid deceleration that can reach
several Earth G’s. Ballute release occurs after the
maximum deceleration, so deceleration on the orbiter
drops suddenly at release and remains low even though
the dynamic pressure is largest near periapsis, as shown
in Fig. 7. On the contrary, the deceleration of the
ballute/lander increases suddenly since the force
remains large, but the mass becomes small. Therefore,
the lander hardware will have to be designed to
accommodate a higher G-load than the orbiter (the
lighter the lander package, the higher the G-load).
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In Fig. 7 dynamic pressure is calculated by:
Lo @)
By, = 5 pv

The dynamic pressure determines the inflation pressure
required to maintain the shape of the ballute during
capture; it is also used to compute aeroelastic effects
and tether loads [6].

One of the more promising of the candidate ballute
materials currently being investigated is Kapton. A
heating limit of 3 W/cm® is applied to this study based
on Kapton’s rated temperature of 500°C [6]. Figure 8
shows the stagnation-point heating during atmospheric
flight calculated using,

Q Cp Nstag v Mstag
stag -
Vv Rn

which is similar to the Sutton-Graves convective
heating equation [24]. In Eq. 3, _ is atmospheric
density, v is planet relative velocity, R, is the nose
radius of the vehicle, Nstag and Mstag are the density
and velocity coefficients (typical values of Nstag = 0.5
and Mstag = 3.05 are used for this study), and C is the
stagnation point heating coefficient. The stagnation-
point heating coefficient (C) varies according to the
planet. We use 9.80 x 10°, 9.00 x 107and 3.54 x 107
kg”*/m for Mars, Titan and Neptune, respectively. The
R, of the ballute/lander is calculated assuming a
spherical ballute. In Fig. 8 we see that the stagnation-
point heating rate is much higher for the orbiter than for
the ballute/lander in each of the reference cases. This
divergence is due to the large difference in R, (0.80 m’
for the orbiter and 15.5 m” for the ballute/lander). The
cases at Mars and Titan stay within the maximum
heating limit of 3 W/cm®. In the case at Neptune, the
stagnation-point heating on the orbiter exceeds 14
W/cm?, while the heating on the ballute/lander remains
below 3 W/ecm®. Thus the Neptune mission will require
a smaller orbiter mass, or a larger ballute area, or
additional shielding than missions to Mars or Titan.
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Fig. 8. Stagnation-Point Heating vs. Time Since
Entry

When considering aerocapture with a towed ballute
configuration, at least 3 different heating rates are
needed because there are three different characteristic
sizes associated with the tether, ballute and spacecraft.
The free stream heat flux:

0, =5 pv' )

is appropriate for nearly free molecular flow, which is
the case for the thin tethers used to connect the large
inflated towed ballute to the lander and orbiter. Free
molecular flow is representative when the most of the
atmospheric molecules are likely to hit the spacecraft
without interacting with molecules that have already
transferred their energy and momentum to the
spacecraft. The fraction of O that is transferred to heat
the spacecraft is higher for free molecular flow, because
individual molecules can hit the spacecraft at full orbital
speed. Although the inflated ballute is flying through
the same atmosphere as the rest of the spacecraft, the
ballute is orders of magnitude larger than the tether, and
can reach conditions that are best characterized by
continuum flow (or stagnation-point heating)
approximations where the heating is proportional to the
square root of the density rather than the density itself,
as shown in Eq. 3. The characteristic size of the
spacecraft is in between these extremes, and so is the
heating rate [12].
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Heating Comparison

Fig. 9 shows a comparison of the free molecular heating
rate and stagnation-point heating calculation for the
ballute system (orbiter+ballute/lander prior to
separation and ballute/lander only after separation).
The free molecular heating rates are higher than the
stagnation point heating rates at each target body.
While the free molecular heating for the cases at Mars
and Titan also exceed the maximum heating rate (7.2
W/em® and 4.3 W/ecm?, respectively) we note that the
stagnation-point heating is far below the maximum of 3
W/em®. As mentioned previously, the heating rates at
Neptune exceed the material limit of the ballute, so a
750 m’® ballute is not feasible. Fig. 10 shows the
heating result of a ballute sizing study done at Neptune
by varying only the ballute’s reference area (750 m?,
1500 mz, and 3000 mz). The R, for each case is again
calculated assuming a spherical ballute with the given
reference area (i.e. 15.5 m% 21.9 m?, and 30.9 m?
respectively). The maximum free molecular heating
rate is nearly cut in half by doubling the ballute area. It
is probable that the heating problem at Neptune could
be resolved if larger area-to-mass ratios are proven
feasible. Simulations with a 1500 m” ballute were also
conducted at Mars and Titan. The resulting peak free
molecular heating rates (1.99 W/ecm” and 2.90 W/cm?,
respectively) fall within the 3 W/cm? constraint.
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Fig. 10. Heating Comparison for a 750m’, 1550m’
and 3000m’ Ballute at Neptune

5. CONCLUSIONS

If the aforementioned technical issues can be
surmounted, the dual-use ballute offers tremendous
advantages for exploration of atmosphere-bearing
bodies in the Solar System. The dual-use ballute is
particularly efficient in delivering payloads to the
surfaces of Titan and Mars. We would also expect
excellent applications at Venus and perhaps for Earth
return missions. For the distant gas giant Neptune, a
dual-use ballute must be designed to increase the area-
to-mass ratio above current practical limits to
accommodate the heating rate. Overall the dual-use
ballute offers a significant new technique for the
exploration of the Solar System.
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