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Trailing Ballute Aerocapture offers the potential to obtain orbit insertion around a planetary body a t  a 
fraction of the mass of traditional methods. This allows for lower costs for launch, faster flight times and addi- 
tional mass available for science payloads. The technique involves an inflated ballute (balloon-parachute) that  
provides aerodynamic drag area for use in the atmosphere of a planetary body to provide for orbit insertion in 
a relatively benign heating environment. To  account for atmospheric, navigation and other uncertainties, the 
ballute is oversized and detached once the desired velocity change (AV) has been achieved. Analysis and trades 
have been performed for the purpose of assessing the feasibility of the technique including aerophysics, mate- 
rial assessments, inflation system and deployment sequence and dynamics, configuration trades, ballute separa- 
tion and trajectory analysis. Outlined is the technology development required for advancing the technique to a 
level that would allow it to be viable for use in space exploration missions. 
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ver, Inc., Jet Propulsion Lab, and Langley Research Cen- 
ter has been engaged over the past 2 years developing 

Kn Knudsen number critical technologies and analyses for the use of balloon- 
M Machnumber parachutes (ballutes) for capture in a planetary orbit us- 
p pressure ing the atmosphere to generate aerodynamic drag, thus 
q heating rate slowing the system to capture into a desired orbit. Us- 

ing specific impulse as a means of illustrating perform- 
ance relative to other technologies, such as chemical 
propulsion, ballutes provide up to 1200 s impulse, yet 
retain scalability over a large range of spacecraft size 
without sigruficantly constraining the spacecraft opera- 
tions or configuration. For an orbital mass of loo0 kg 
and a delta V of 1 km/s, this results in an increase in 
payload mass (or a reduction of launch mass) of over 

This paper addresses critical issues for implementa- 
tion of the technology, mission design constraints, con- 
figuration concepts and overall performance characteris- 
tics, including results of aerothermal and aerostability 
analyses, guidance algorithm design and performance, 

Nomenclature 

In trod uction 
The application of inflatable film systems for aeroas- 

sist maneuvers has been employed in system concepts 
for about 40 years'. However, recent advances in inflat- 
ables technologies promise sigruficant improvements in 
system performance and substantial reductions in risk. 
These advances provide the basis for renewed interest in 
ballute system technology development. A team con- 350 kg. 
sisting of Ball Aerospace & Technologies Corp., ILC Do- 
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and overall system characteristics. The efforts to date 
have focused on capture at Mars and Titan. Future ef- 
forts will include detailed analysis of Neptune mission 

accelerometers are used to calculate a point for separa- 
tion of the ballute system based on the projected delta V 
of the towing spacecraft at atmospheric exit. After 

opti01 

Fig. I :  Ballute aerocapture provides orbit insertion 
with small influence 011 spacecrafi design and a mass 
fraction of less than 25 percent, saving hundreds of 
kilograms as contrasted with traditional techniques. 

Mission Concept 

Ballute technology can be applied with many con- 
figuration options and design approaches, but the over- 
all mission concept investigated in this paper begins 
with the material limitations of the ballute system, and 
establishes mission designs that are compatible with 
these limitations. More specifically, the design logic il- 
lustrated in Figure l is employed to define primary 
characteristics and limitations of the flight system. 

The flight system is launched with the inflatable sys- 
tem stowed, and remains in this configuration through- 
out most of cruise. A candidate aerocapture sequence 
for a Titan mission is illustrated in Table 1 and Figure 2. 
As shown, a day or so prior to the projected atmospheric 
entry interface, the ballute system is deployed and in- 
flated, allowing ample time for damping of deployment 
dynamics and verification of the entry configuration. A 
final trajectory correction maneuver may be conducted 
shortly before entry to minimize the delivery error term. 
Although attitude error and atmospheric instabilities 
perturb the flight system, the restoring moment with the 
trailing ballute is so large that static aerodynamic stabil- 
ity is not a major issue. The periapsis is targeted to keep 
peak heating rates within the ballute material limits for 
the drag modulated atmospheric pass. The ballute drag 
area is sized to provide sufficient delta velocity to cap- 
ture in the desired orbit. As discussed in Guidance and 
Separation Performance, the on-board computer and 

commanding a pyro-initiated separation, the towing 
spacecraft completes a ballistic trajectory to the atmos- 
pheric exit point. A propulsive bum is conducted at 
apoapsis to raise periapsis out of the atmosphere. 

Three of the key challenges to be faced in the devel- 
opment of an aerocapture mission are: (1) navigation, 
trajectory management, and atmospheric characteristics, 
(2) aerostability of the spacecraft during the aeropass, 
including deployments and aeroelastic response of the 
system to hypersonic environments, and (3) develop- 
ment of spacecraft systems capable of sustaining the 
very high heating rates and aerodynamic forces of aero- 
capture, without sustaining excessive impact on the 
overall mission. 

Table 7: Aerocapture Event Timeline 
Event Time' Comment - 

TCM-3 Target Entry Probe 
Release Probe E-30 days 
TCM-4 Target Orbiter Arrival 
Tracking & Orbit Determination 

p Data Cutoff E-2 days 
2 TCMd E-1 day Correa Orbiter Arrival 5 Tracking & Orbit Determination 

TCM-6 (optional) E-6 hrs. Orbiter "Tweak" 
Deploy Ballute E-5 hrs. 
Data Cutoff E-3 hrs. 
Final Uplink E-1 hr. 
Enter Atmosphere E-0 

v) Max Heat Rate E+169 sec. On Ballute 
2 Max Dynamic Pressure E+185 sec. On Ballute E Release Ballute E+231 sec. 
E Lowest Anitude E+783 sec. 405 km 

OA-o (optional) Drag Makeup Maneuver 
Exit Atmosphere E+3263 sec. 

'3 OA-1 E+8000 sec. Periapsis Raise 
0 
5 OA-2 E+17185 set.* Cimlarize Orbii 

i 

*-Times after atmosphere entry are representative and are taken from the 
fmm-high case. 
--Time of bum is highly variable due to variation in apoapsis and is only 
performed if necessary. 

Aerocapture offers sigruficant benefit for eight plane- 
tary bodies in the solar system: Venus, Earth, Mars, 
Jupiter, Saturn, Titan, Neptune and Uranus. The follow- 
ing figures show a comparison between two representa- 
tive aerocapture trajectories: one for Mars and one for 
Titan. The 5.5 km/sec entry speed for the Mars trajec- 
tory is representative for a direct Earth to Mars type 1 
trajectory launched in 2005. The 6.5 km/sec entry speed 
for the Titan trajectory is representative of a Solar Elec- 
tric Propulsion trajectory with a single Venus flyby and 
a flight time of about 7 years2. Table 2 specifies the key 
parameters for each trajectory. 
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Figure 2.0 shows a typical sequence of events during 
the ballute aerocapture phase. The spacecraft ap- 
proaches the planet or moon on a hyperbolic approach 
trajectory (1) that has been carefully targeted to enter 
the atmosphere (2) at the desired speed and flight path 
angle. The large drag from the ballute system causes the 
spacecraft to experience a maximum deceleration of sev- 
eral g's (3) shortly after entry. When the spacecraft has 
been slowed sufficiently the ballute is released (4) and 
the the spacecraft proceeds through the remainder of the 
atmospheric segment (5-7) with minimal drag. If too 
much energy is removed from the orbit before leaving 
the atmosphere, a drag makeup maneuver (6) might be 
required to raise apoapsis out of the atmosphere. A ma- 
neuver at the first apoapsis (8) is essential for raising 
periapsis out of the atmosphere. If the on-board orbit 
determination is sufficiently accurate, the periapsis raise 
maneuver can be targeted very close to the desired final 
altitude so that a single, final maneuver can be made to 
circularize the orbit (9). The alternative is to command 
several "clean-up" maneuvers from the ground after 
tracking the spacecraft after the automated maneuvers 
have put the spacecraft close to its final, science orbit. 

Figure 3 shows the time history of the altitude during 
the atmospheric flight segment of the representative tra- 
jectories. The initial state is 100-200 sec before entry, 
which is defined at a particular altitude for each body. 
The entry and release times are noted by dashed lines on 
the plots, where Titan entry (and Release) occurs before 
Mars entry (and Release) only because the time from 
entry for the initial states were arbitrarily specified. The 
ballutes are released before periapsis is reached for both 
examples because the nominal trajectory is targeted low 
enough to accommodate uncertainties. Note that the 
Titan atmosphere is much thicker than for Mars, since 
entry is at loo0 km altitude for Titan and at 200 km for 
Mars. 

E N P Y  RELEASE 
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Figure 2: Sequence of Events for a Representative 
Ballute Aerocapture 

Max. Allowable I 3.0 

Table 2: A Comvarison of Keu Mission Parameters 

3.0 

Parameter I Mars I Titan I 

Qdot (w/cm2) 
Entry Flight Path -22 -39 

Entry Altitude I 200 loo0 

Atmospheric 

Ballistic Ratio -135 

The periapsis altitude of the hyperbolic approach tra- 
jectories was targeted low enough to accommodate rea- 
sonable uncertainties in entry conditions due to Nav 
errors as well as reasonable uncertainties in the atmos- 
pheric density. Thus, a high periapsis altitude (equiva- 
lent to a shallow Flight Path Angle at entry) and a low 
density atmosphere would require drag from the ballute 
for the entire pass through the atmosphere. For the 
nominal entry conditions and atmospheres used for 
these representative trajectories, sufficient delta-V is 
achieved before the spacecraft reaches periapsis, so the 
ballute must be released to minimize the drag during 
the remainder of the flight through the atmosphere. 

,000 

500 

0 500 1000 1500 2000 2500 3ooo 

Figure 3: Altitude versus Time for Represetttative 
TIME Since Start ( sec ) 

Ballute Aerocapture a t  Mars b Titan 

[ 3 1  

TRAILING BALLUTE AEROCAPTURE CONCEPT AND FEASIBILITY ASSESSMENT 



AIAA 2003-4655 

hyperbola is targeted to a lower altitude), then the bal- 
lute will be released earlier than for these reference tra- 
jectories, and the secondary peak will be larger. If the 
entry path is steep enough, then the secondary peak can 
be larger than the primary peak. Steeper entries have a 
much more noticeable effect on the secondary peak than 
they do on the primary peak, since the ballute can still 
be attached. Although the ballute does not have to sur- 
vive the secondary peak, because it has already been 
released, the spacecraft does have to survive both peaks. 
Higher peaks require more thermal protection of the 
spacecraft. An atmospheric density that is significantly 
higher than nominal has the same effect on the shape 
and magnitudes of the peaks as a steeper entry. Con- 
versely, a shallower entry, or a thinner than expected 
atmosphere have the opposite effect in that both the 
Qdot peaks before and after ballute release are reduced. 
Better knowledge of the atmosphere and better naviga- 
tion both enable the approach trajectory to be targeted 
higher in the atmosphere, where both Qdot and uncer- 
tainties due to separation errors are minimized. 

Figure 4 shows the velocity history during the at- 
mospheric flight segment. Trajectories for Titan are ex- 
pected to have a higher entry speed and Delta V than for 
Mars. The velocity decreases rapidly early in the trajec- 
tory when the velocity is high and the density is increas- 
ing rapidly. For both of these cases, ballute release may 
be at a relatively high altitude well before periapsis, so 
there is enough towing spacecraft drag during the re- 
mainder of the trajectory to have a noticeable effect on 
the velocity. This effect must be estimated by the on- 
board separation algorithm in order to release the bal- 
lute at the correct time. (These trajectories were the re- 
sult of a computer search for the right time to separate, 
so both hit their respective apoapsis targets exactly.) In 
the real world there is some chance that the ballute will 
be released a little too soon, in which case drag will not 
provide enough velocity change and propellant will be 
used to lower the apoapsis altitude later in the mission. 
There is also a chance that the ballute will be released 
late, in which case drag will extract too much energy 
from the orbit, and propellant will be used to raise the 
apoapsis later in the orbit. If release is significantly later 
than the perfect release time (i.e., -3-5 sec), propellant 
will be needed during the pass to raise apoapsi. This 
bum is pre-programmed and selected based on on- 
board sensing. 

0 500 1000 1500 2000 2500 3000 
TIME Since Start ( sec ) 

Figure 4: Velocity versus Time for Representative 
Ballute Aerocapture a t  Mars b Titan 

A basic assumption for this study was that the bal- 
lute would be made out of existing materials, such as 
Kapton. Kapton has a rated temperature of about 50O0C, 
which corresponds with a heating rate of about 3 
Wlcm’. The size of the ballute is selected based on this. 
Figure 5 shows maximum Qdot prior to ballute release. 
In these examples, there is a secondary peak near peri- 
apsis, where the density is highest. If the entry flight 
path angle is decreased (undershoot, i.e. the approach 
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Figure 5: “Qdot” versus Time for Representative 
Ballute Aerocapture a t  Mars b Titan 

Figure 6 shows the Dynamic Pressure ( defined as 0.5 
* Density * Velocity* ). The dynamic pressure is useful 
for computing inflation pressure required to maintain 
the shape of the ballute during capture, and for comput- 
ing aeroelastic effects and tether loads. After separation, 
the potentially higher values of dynamic pressure are 
useful for determining dynamic loads on the towing 
spacecraft. 

c41 
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Figure 6: Dynamic Pressure versus Time for 
Representative Ballute Aerocapture a t  Mars. 6 Titan 

I 

When the system enters the atmosphere, the large 
drag area results in a rapid deceleration that can reach 
several g's before the spacecraft has decelerated enough, 
as shown in Figure 7. The rate of increase and the mag- 
nitude of the peak always occur before separation, so 
they are useful measurements that can improve the per- 
formance of the separation algorithm. Once the ballute 
is released, the deceleration drops dramatically because 
the drag area is typically reduced by up to a factor of 
150, or the ratio of the ballistic number of the towing 
spacecraft and the towing spacecraft plus ballute. The 
deceleration usually remains very low after ballute re- 
lease even though the maximum dynamic pressure is 
largest near periapsis. 

ENKRY RELEASE 
5 . , . , . . I . . . . ( . . 1 .  

I I I , I  / I  ! 
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Figure 7: Deceleration versus Time for Representa- 
tive Ballute Aerocapture a t  Mars b Titan 

Figure 8 shows the history of the atmospheric density 
during the atmospheric flight segment. While the bal- 
lute is attached, the densities are very comparable be- 
tween Mars and Titan. After ballute release, the density 

AIAA 2003-4655 

at periapsis of the Titan trajectory is sigruficantly higher 
than for the Mars trajectory. Even though the density is 
larger for this Titan trajectory, the secondary peak for 
Qdot is less than for the Mars trajectory, because the ve- 
locity is lower. 
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Figure 8: Density versus Time for Representative 
Ballute Aerocapture a t  Mars b Titan 

Figure 9 shows the log of the density plotted versus 
altitude for these two reference trajectories. The sigrufi- 
cantly steeper slope for the Mars example represents the 
much smaller scale height for the Mars atmosphere (7.6 
km) than that for Titan (41 km). 

r 3 

Configuration Concept 
A variety of configuration concepts employing bal- 

lute technology can be applied for planetary aerocapture 
missions, but this paper is focused on the use of trailing 
toroidal ballutes. As presented by Masciarelli and Wes- 
thelle3, ballistic ratio is a key design parameter. In order 
to minimize the size and mass of the ballute assembly, 
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The tether angle is sized by determining the distance 
the ballute needs to trail behind the spacecraft for the 
spacecraft wake to be swallowed by the hole in the to- 
ms. This is also a function of ballute aspect ratio. 
Lower tether angles result in lower tether and ballute 
loads but are also longer which increases tether mass. 

Tethers can be grouped into two primary categories, 
strings and columns. String tethers provide stiffness in 
tension only whereas columns provide both tension and 
compression stiffness. Column tethers are desirable be- 
cause they provide a stable and verifiable configuration 
before entering the atmosphere. String tethers introduce 
the risk of recontact between the ballute and spacecraft 
and uncontrolled attitude upon atmospheric entry. De- 
ployment of the ballute during the drag pass, like a 
parachute deployment, is possible but riskier. With 
drag deployment it might not be necessary to have col- 
umn tethers because string tethers would always be in 
tension. A mix of string and column tethers may be the 
best option. String tethers provide a greater range of 
material possibilities and can probably be more efficient 
in tension than column tethers which are likely to be 
inflated tubes of the same material as the ballute. 

the towing spacecraft ballistic number is maximized. 
General logic for sizing of a ballute system is illustrated 
in Figure 10. 

Figure 10 Ballute Sizing Logic 

The frontal area of the ballute is determined by the 
delta V requirement of the mission. For a toroidal bal- 
lute the remainder of the geometry is then dependent on 
the aspect ratio (major diameter/minor diameter). For a 
given frontal area the surface area of the ballute remains 
constant. Thus the weight of the thin film comprising 
the ballute is independent of the aspect ratio. However, 
the gas volume decreases with increasing aspect ratio, so 
the more the ballute resembles a bicycle tire instead of a 
truck tire, the lighter the ballute will be4. This mass sav- 
ings is somewhat offset by the additional weight of 
longer tethers used to support a large aspect ratio bal- 
lute. For a 750 m"2 frontal area ballute with an aspect 
ratio of 5:l the inflation gas mass is 1/3 of the thin film 
mass of the ballute. 

Toroidal ballutes provide critical aerodynamic ad- 
vantages for aerocapture. More specifically, since the 
trajectory is outside of the continuum regime, the vol- 
ume in the wake of the spacecraft is not efficient for cre- 
ating drag. Furthermore, the towing spacecraft creates 
a bow shock, and this shock expands behind the space- 
craft. The inside diameter and trailing distance of the 
toroid are designed to eliminate interaction with the 
bow shock. However, other shapes have also been in- 
vestigated. For example, a double torus, which is two 
toroids with a flat span of material between them, is also 
a possible candidate. This geometry does not tend to 
produce significant film mass savings but can substan- 
tially reduce the required mass of the inflation gas. The 
double torus is a more complicated geometry and would 
also probably require more mass for seaming. 

Risk and Critical Issues 
Performing aerocapture using inflatables offers sig- 

nificant mass savings over competing orbit insertion 
technologies enhancing, and, in some cases, enabling 
planetary orbiter science missions. However, before bal- 
lute aerocapture missions can be considered, many po- 
tential risk items need to be identified and retired. Some 
risk items may be easily addressed, whereas, some items 
might required stepping back and rethinking of a con- 
ceptual solution. The greatest technical risks for the thin- 
film, trailing, tethered toms, baselined in this study as 
the best balance of performance, risk, and feasibility, are 
presented here: 

Seaming - Large thin-film inflatables have already 
been constructed and deployed in space, however, aero- 
capture will require very high thermal and dynamic 
pressure load requirements. The trade between thin- 
films and higher weight, higher heating/ loading capa- 
ble fabrics/aramids favors thin-films. This is due to the 
much lower aerial densities of thin films allowing much 
larger drag areas, thereby achieving the flying higher 
altitude, less stressing trajectories. However, these stud- 
ies have assumed that high-thermal capable seaming 
technologies can be developed, such as adhesives, ultra- 
sonic welding, stitching with cover tape, etc. A solution 
if seaming represents a thermal limitation is to try to 
keep it in low heating areas and/or protect the seams 
with local thermal treatments, however this will impact 
the mass of the system. 
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minimize the non-payload weight. Approximate design 
tools are used to initially size the aerocapture device, but 
the complexity of the flow around ballute geometries 
requires that these designs be verified and design mar- 
gins be established through detailed aerothermody- 
namic analyses. Furthermore, an initial review of the 
trade space for Neptune and Titan aerocapture suggests 
that peak heating could occur over a wide range of flow 
regimes ranging from hypersonic continuum to transi- 
tional rarefied flow. Therefore, analysis techniques are 
required that can fully address the issues associated 
with each of these regimes. 

In the continuum regime, the LAURA Gngley Aero- 
thermodynamic upwind Relaxation Algorithm) code6 
provides the capability to model hypersonic, high- 
temperature real-gas flows based on the Navier-Stokes 
equations. LAURA has been previously applied to 
computations of toroidal geometries for nominal aero- 
capture conditions for several different planetary at- 
mospheres including Neptune and Titan'. The thermo- 
chemical models developed for these earlier studies in- 
clude finite-rate chemistry and are used in the present 
work. 

At lower densities, flow around the spacecraft and 
ballute transitions to rarefied flow, and aerothermody- 
namic simulations require the Direct Simulation Monte 
Carlo (DSMC) technique developed by Bird'. DSMC 
simulates gas flows by modeling the motion and colli- 
sions of millions of representative molecules based on 
the kinetic theory of gases. For this study, the DAC code 
(BMC Analysis Code) of LeBeau9 is used. DAC treats 
complex three-dimensional geometries as well as simple 
axisymmetric shapes while simulating the discrete mo- 
lecular behavior of the flow with multiple species in- 
cluding chemistry. DAC chemistry models were devel- 
oped based on the same reaction sets and rates used in 
the LAURA continuum calculations. 

The Navier-Stokes and DSMC simulations are sup- 
plemented with rapid-design, engineering methods 
based on free-molecular and Newtonian models, con- 
tinuum-to-rarefied bridging relations, and stagnation 
heating correlations10.11.12. The detailed results obtained 
from the Navier-Stokes and DSMC simulations allow an 
assessment of the error margins that should be applied 
to the engineering methods as well as providing more 
detailed predictions of force and heating distributions. 

Performance Analysis Results 

Tethers - Tethers that can withstand the multiple g 
deceleration of aerocapture exist (braided PBO is base- 
lined); however, attachments to the ballute concepts are 
conceptual. Currently, patch fan or stirrup concepts are 
being considered (see seaming above). 

Trajectory - The trajectory risk is whether the trajec- 
tory can be controlled using drag modulation only (i.e., 
critical timing of ballute separation) to accommodate 
atmospheric, navigation and performance uncertainties. 
Initial modeling efforts indicate that relatively simple 
guidance algorithms accommodate uncertainties with 
generous margins on the timing of separation. 

Packing and Storage - The ten year+ transits for 
some of the outer planet missions puts a requirement on 
the ballute to work after being stowed for a very long 
time. There is limited data on the properties of some of 
the candidate materials after long term storage. Block- 
ing, creasing and pinholes due to packing may present 
problems for the inflatable as well. 

Deployment - Controlled deployment and inflation 
are critical. To mitigate any risk of tethers getting tan- 
gled and to avoid recontact between the spacecraft and 
ballute, the baseline design concept includes inflatable 
columns in some tether locations to provide some com- 
pressive stiffness in the system. Other concepts are also 
being considered. 

Aeroelasticity - Interactions between the hypersonic, 
rarefied flow and the ballute could present a problem. 
This is very complex to assess analytically, and facility 
limitations make testing very difficult. It can be argued 
that the rates between the very high speed, low density 
flow and the lower resonance of the inflatable make 
aeroelasticity at the altitudes that are being considered 
for the thin-film ballute concept incompatible; however, 
verification of this is challenging. 

Material - Thermal, aerial density, tensile strength, 
material maturity, ballute manufacturability, and seam- 
ing characteristics are all critical factors in the design. 
Candidate materials5 (Kapton, PBO, etc.) are under 
evaluation; however, more detailed analyses and test 
need to be performed for a full assessment trade. 

Flow Stability - The potential exists for the toroidal 
concept for choked flow through the torus. The subsonic 
flow in the wake of the spacecraft provides a means of 
back flow that can disrupt the flow stability. A series of 
CFD analyses and expansion jet/windtunnel tests have 
been planned for assessing this risk. 

Analysis Tool Discussion 
The aerothermodynamic design objectives for an in- 

flatable aerocapture system are to maximize the drag 
while minimizing the aerodynamic heating so as to 

Aeroanalysis Results 

Navier-Stokes (LAURA) and DSMC (DAC) simula- 
tions have been performed for a 750 m2 ballute at several 
points along a typical Titan aerocapture trajectory to 
provide aerodynamic drag and heating environments. 
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The LAURA simulations were performed with no-slip, 
radiative equilibrium, and fully-catalytic wall boundary 
conditions. Thermal nonequilibrium was treated with a 
two-temperature gas model. The DSMC simulations 
were performed using fully diffuse wall boundaries 
with complete thermal accommodation and fully cata- 
lytic recombination of atomic species'. 

A sample DSMC flowfield prediction is shown in 
Fig. l l " I 3 .  (Since the flow is axisymmetric, only the re- 
gion from the axis to the outer computational boundary 
is shown.) The bow shock created by the toroid focuses 
to a triple point above the axis formed at the intersection 
with a normal shock (Mach disk) and reflected shock. 
For trajectory conditions where both LAURA and DAC 
were run, similar flow structures were obtained, and the 
variation in the size and location of the Mach disk over 
the trajectory was similar for the two methods. 

Figure 11 - Pressure Contours for DSMC Prediction 
V,=5.52 k d s ,  Near Peak Heating Condition. 

pm=9.04xl0-7 k@3, T=168 K 

Aerodynamic drag predictions are shown as a func- 
tion of Knudsen number in Fig. 12 where the Knudsen 
number is based on the maximum ballute diameter. The 
predictions are compared to a traditional bridging rela- 
tion based on a sine-squared variation in drag between 
the continuum and free-molecular limits. The bridging 
relation was developed prior to the computational simu- 
lations and used to predict ballute drag in the initial tra- 
jectory determination. The bridging relation could 
likely be improved by basing the Knudsen number on 
the minor diameter rather than the maximum diameter 
of the toroid. However, the LAURA and DAC predic- 
tions show that the original bridging relation gives a 
conservative (lower) prediction of the drag effectiveness 
of the ball~te'~. 

2 5  

2 0  

0 
0 
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1 0  

4 s  ( = h 3 k x )  

Figure 12 - Ballute Drag Coeficient - Comparison of 
CFDDSMC Predictions to Bridging Relation 

The stagnation heat transfer on the ballute is shown 
as a function of density along the trajectory in Fig. 13. 
The peak heating condition occurs at a condition where 
rarefaction effects become increasingly important. The 
predictions correlate well with p,""v," as expected for 
these hypersonic flow conditions, and this correlation is 
extended to very low densities using a bridging relation 
similar to that used for drag. LAURA predicts higher 
heating than DAC at densities less than 10" kg/m3 in 
part due to lack of slip boundary conditions in the 
LAURA calculations. However, assessment of these 
differences should be made with caution since there are 
differences in the details of the thermal and chemical 
modeling between the two methods whose effects have 
not been fully investigated. 

104 104 1 0' 104 104 

Figure 13 - Correlation of Stagnation Heating Rate 
Pd kglm' 

Using DAC and LAURA Codes 

Aeroheating/Thermal Response 
Analyses have been developed to ensure that the bal- 

lute system is maintained within limits of the inflatable 
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system14. A temperature response curve for maximum 
aerocapture heating at Titan is illustrated in Figure 14. 
Although the majority of the system is comprised of 
lightweight films 0.5 mil thick and less, in some local- 
ized areas, due to reduced nose radii and consequently, 
increased local heating, somewhat heavier materials 
with higher temperature limits will be employed. 

Manufacturing and Material Performance Considerations 
The driving constraint for ballute aerocapture is the 

ballute material property limits. Aero-thermal analyses 
have been used to create a configuration that meets the 
performance requirements for the ballute and achieves a 
thermal environment that is near the limits of state-of- 
the-art materials. For several of the materials discussed 
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Figure 14 - The ballute trajectory has been selected 
based on material thermal performance limits 

Figure 15 - ILC Dover Inflatable Parabolic Antenna Re- 
flector Dish Demonstrates Capability for 3 Dimensional 
Forming of Kapton Film Structures 
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published glass-transition temperatures (7'3. However, 
due to the transient nature of the aerocapture event, 
these materials remain viable candidates because they 
support the loading conditions during the event. With 
these candidates, manufacturing, provides the greatest 
materials challenge. 

To begin, a broad range of potential materials 
were identified. For the toroid and inflatable tethers, 
candidates include thin films, "rigidizable" composites, 
elastomer-coated structural fabrics, and ceramic fabrics. 
Operating temperature limits for these materials range 
from 125OC to 1250°C. The two leading candidate mate- 
rials identified were thin films: Kapton and Polyboxoxa- 
zole (PBO). Both Kapton and PBO offer relatively high 
temperature capabilities-around 500 "C'. PBO is re- 
ported to perform at even higher temperatures, however 
further material study is required. PBO film is currently 
produced at the research and development level, and is 
produced in small areas. PBO remains flexible at cryo- 
genic temperatures, unlike other high-temperature film 
candidates. In contrast, Kapton film is cast and is very 
mature from a manufacturing standpoint. It is relatively 
inexpensive, available off-the-shelf, has flight heritage 
(TRL 9), and has similar performance characteristics as 
PBO. 

For tensile tethers, high strength materials such 
as PBO and Twaron are available; more advanced mate- 
rials such as MSI's M5, will be monitored as they are 
developed. These materials are typically capable of op- 
erating at temperatures up to 650°C for limited periods 
of time. To increase tether performance at temperature, 
a ceramic jacketing is a viable option, if necessary, to 
protect the tether during aerocapture. 

To identify viable materials for a ballute, a vari- 
ety of mechanical tests of candidate materials are cur- 
rently being performed using a Dynamic Mechanical 
Analyzer @MA). This equipment provides a means to 
compare Modulus (both stored and loss), creep per- 
formance (both isothermal and ramping temperature), 
and tensile performance. The DMA allows testing at 
temperatures of up to 650°C and in a controlled atmos- 
phere. For the current effort, a nitrogen purge is being 
used because it is representative of aerocapture targets 
and it is non-oxidizing. Additional optical testing will 
also be performed to determine emmissivity properties 
of the candidates. This trade will identify those films 
that are more likely to radiate thermal energy away 
from the ballute and reduce surface temperatures'. 

The material trade extends beyond material ma- 
turity and temperature performance. Seaming these ma- 
terials will require development for this type of applica- 
tion. Temperature survivability of the ballute assembly 
depends on the capability of seam construction more so 
than that of the base material. Several techniques cur- 
rently exist and have been employed on thin film S~TUC- 

tures. For example, pressure sensitive adhesive (PSA) ~- 
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tapes are commonly employed due to their ease of use 
with thin films. PSA’s do not operate at high environ- 
mental temperatures without thermal protection. 

To maintain low-mass seams, polyimide adhe- 
sives and high temperature silicone adhesives are being 
investigated for seam construction. Polyimide adhe- 
sives are of the same polymer family as Kapton, only in 
liquid form. These require a high temperature and 
moderate pressure to create the bond. The resulting 
bond is at (or near) the full strength of the base material. 
Silicone adhesives are available in many forms from 
room temperature vulcanized (RTV) to platinum/ heat 
cured. This system relies on a mechanical bond to the 
film to achieve its strength. However, many films are 
not overly receptive to a silicone bond so special candi- 
dates must be selected. Coated films have been identi- 
fied that are high temperature-compatible. These in- 
clude vapor-deposited aluminum (VDA) films, copper 
coated films, and germanium coated films. These metal- 
ized films will improve emissivity and ESD protection. 

Another manufacturing issue that must be con- 
sidered is the material patterning approach1’. Since ma- 
terials are not available in a width of the scale of the bal- 
lute, it must be broken into smaller seamed sections. 
The typical approach for an inflatable torus is to pattern 
it as segments. The smaller (and more numerous) the 
segments, the less faceted and more ideal shaped of the 
torus will be achieved. However, the greater the num- 
ber of segments, the more seams exist, increasing manu- 
facturing time and cost as well as mass. To alleviate this 
problem, thermal forming of films is being assessed. 
Kapton films have been successfully %dimensionally 
formed to create a more conformal shape for inflatables 
such as a parabolic antenna reflector dish. This forming 
process involves moderate effort to develop molds that 
produce high quality formed parts. Ultimately, the pat- 
terned shape will be traded against the predicted 
aero/ thermal performance to determine the design and 
manufacturing approach. 

Guidance and Separation Performance 
A successful ballute aerocapture, which leaves the 

towing spacecraft in the desired orbit, requires release of 
the ballute after sufficient energy loss is achieved. The 
timing of the ballute separation must be robust enough 
to handle atmospheric density uncertainties, entry tra- 
jectory delivery and knowledge errors and spacecraft 
and ballute ballistic coefficient uncertainties. Ballute 
separation timing is performed on-board by comparing 
the desired and estimated orbital energy. Orbital energy 
is estimated by propagating the trajectory using a cen- 
tral force gravity model and accelerometer measure- 
ments. Energy loss due to atmospheric drag acting on 
the spacecraft after separation is sigruficant for steep 
entry cases and must be accounted for in the release tim- 
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ing. An exponential atmospheric density model is car- 
ried on-board and refined by filtering accelerometer 
measurements using an EKF. The atmospheric density 
model is used to propagate the spacecraft trajectory to 
the atmospheric exit point to estimate energy loss after 
ballute separation. When the current orbitakenergy mi- 
nus the predicted post-separation energy loss is less 
than the energy of the desired orbit, the ballute is re- 
leased. The separation algorithm block diagram and 
flow chart are presented in figures 16 and 17. 

Figure 16. Ballute separation system block diagram 

Compute Estimated 
Orbital Energy 

&e* 

Propagate orbit 
Exponential Density wlo ballute 

X J M I +  ifm, 
Compute energy loss 
by dc w/o Ballute 

I 

Separation = false 

Figure 17. Ballute separation system flow chart 

Separation algorithm performance was investigated for 
a Titan mission. Performance is evaluated in terms of 
the aerocapture success rate and the 30 AV required to 
circularize the orbit after aerocapture completion. The 
circularization AV and success rate were determined 
from the results of a Monte Carlo simulation. Atmos- 
pheric density uncertainty, trajectory delivery and 
knowledge errors, spacecraft and ballute drag coefficient 
uncertainties and accelerometer errors were randomized 
in the Monte Carlo simulation. Titan’s atmospheric den- 
sity was modeled using TitanGRAM, which includes 
random density perturbations superimposed on the 
mean density which can be varied over the 30 range by 
setting the Fminmax parameter from -1 to 1 with a value 
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I Mean Circularization AV I 186m/sec 1 

of 0 representing the nominal atmosphere. The density 
variation with latitude at the expected arrival date was 
modeled using the following expression for Fminmax 

Fminmax = 0.46*sin(lat) f 0.54 

Trajectory error analysis results3 indicate an entry FPA 
delivery error of 0.9 degrees (30) and an entry FPA 
knowledge error of 0.3 degrees (30). Spacecraft and bal- 
lute ballistic coefficient errors of 5% (30) and acceler- 
ometer errors consistent with the Honeywell QA3000-30 
specification were also used in the Monte Carlo simula- 
tion. The spacecraft and ballute physical properties are 
given in table 3. The Monte Carlo results are shown in 
figures 18-21 and corresponding 30 values are listed in 
table 4. It is clear from figures 4 and 5 that the mean 
apoapsis altitude is significantly higher than the target 
value of 1700 km especially for low periapsis altitude 
cases. This is a result of over-estimation of density by 
the on-board density model (EKF), which causes a 
slightly early ballute release to occur. Options for im 

Mean Circularization AV 
Mean + 3-sigma Circularization AV 
Mean Heating Rate 
Mean + 3-sigma Heating Rate 

Parameter I Value 
Titan Entry Velocity I 6.5 km/sec 

186 m/sec 
285 m/sec 
1.9 W/cm2 
21 W/cm2 

Mean + 3-sigma Circularization AV 
Mean Heating Rate 
Mean + 3-sigma Heating Rate 

Spacecraft Mass IlOOOkg 
Ballute Mass I 42kg 

285 m/sec 
1.9 W/cm2 
21 W/cm2 

I Spacecraft Drag Coefficient I 0.75 continuum I 

Apoapsis of Aerocapture Orbit 
Ballute Frontal Area 
Spacecraft Frontal Area 

I 2.2 free molecular 
I 1.3 continum Ballute Drag Coefficient 

1700 km 
750 m2 

3 m2 

- I  freemo molecular I 
Table 3. Input Parameters for Monte Carlo Run 

-.-=- -e=.- 

Success Rate 

Fig 18 Circularization AV Fig 19 Apoapsis Altitude 

loo % 

Minimum Circularization AV I 1Zm/sec  
Maximum Circularization AV I 376m/sec 

Table 4. Monte Carlo Simulation Results 

proving this aspect of the separation algorithm are un- 
der investigation. 

Summary 
System level analysis efforts conducted for NASA's 

Gossamer and In Space Propulsion programs illustrate 
the enormous performance benefits available for mis- 
sions to planetary bodies with an atmosphere. Using 
ballutes for aerocapture results in an improvement of 
the effective specific impulse by more than a factor of 
three, when compared with typical bi-propellant chemi- 
cal systems used for orbit insertion. Even as compared 
with structural aeroshells, design, operational and mass 
performance benefits are significant. More specifically, 
mass savings come from elimination of the aeroshell 
system. Additional savings are available by simplifying 
the spacecraft structure by removing many of the con- 
straints placed upon it by the aeroshell architecture, 
such as thermal control system required to route heat 
out of the aeroshell. Additionally, ballutes are signifi- 
cantly less demanding on packaging and configuration 
for the system. While those for a Titan orbiter a mass 
savings of -300 kg or 40% of the spacecraft dry mass is 
possible by using a ballute instead of a hard aeroshell to 
perform aerocapture. 

Future efforts for advancing this technology will re- 
quire definition of technology validation via an Earth 
flight test. 
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