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A quantitative and comparative assessment of the feasibility and mass benefit of using aerocapture at all
atmosphere-bearing solar system destinations is presented, considering both lift and drag modulation control
techniques. Aerocapture is shown to be feasible at Mars, Titan, and Venus with existing entry vehicles and flight-
proven thermal protection system (TPS) materials, and requires no significant technology developments before use on
a science mission. Aerocapture at Uranus and Neptune is viable with blunt-body aeroshells (L /D of 0.30-0.40) and
Heatshield for Extreme Entry Environment Technology TPS for certain high arrival V, interplanetary trajectories.
The mass benefit offered by aerocapture is compared to alternative orbit insertion techniques such as purely
propulsive insertion and aerobraking. Aerobraking outperforms aerocapture for missions to Mars and Venus
with arrival V less than 6 km/s. For outer planet missions, aerocapture offers substantial mass benefit
depending on the arrival V, Titan (300~1700% more mass), Uranus (100-600% ), and Neptune (80—400%), in
addition to significant reduction in flight time. The study recommends a low-cost drag modulation aerocapture
demonstration mission at Earth to establish flight heritage for aerocapture and lower the risk for future science
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missions.

I. Introduction

EROCAPTURE is a maneuver in which a spacecraft uses

aerodynamic drag from a single atmospheric pass to decelerate
and achieve orbit insertion. Compared to conventional propulsive
orbit insertion, aerocapture allows interplanetary spacecraft to ac-
complish a near-propellantless method of capture at any planetary
destination with a significant atmosphere. The overall mass savings
offered by aerocapture has motivated the development of aerocapture
mission concepts to every atmosphere bearing destination in the solar
system over the past six decades. For inner planets such as Mars and
Venus, aerocapture is an attractive technology for small satellite orbit
insertion [1-3]. For outer planet missions, aerocapture can enable
orbit insertion from significantly shorter-time-of-flight, fast-arrival
interplanetary trajectories that are not feasible with propulsive inser-
tion [4-6]. Several aerocapture mission concepts and technology
demonstration flights have been proposed and studied over the past
three decades, but an end-to-end aerocapture mission has never been
flown. However, many aspects of aerocapture such as guided hyper-
sonic flight using blunt-body aeroshells and high-performance ther-
mal protection system (TPS) materials have been demonstrated
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successfully on the Mars Science Laboratory (MSL) and Apollo
entry vehicles [7].

Aerocapture has been studied extensively by many authors as seen
inFig. 1, which shows a histogram of the number of publications over
the past six decades. London [8] was the first to propose the use of
aerodynamic forces to achieve satellite plane change for orbital
vehicles. The use of aerocapture for orbit attainment at Venus and
Mars has been studied since the early 1960s, though the concept was
then referred to as aerobraking by Repic et al. [9] and other authors
[10,11]. Till the early 1990s, the terms aerobraking and aerocapture
were used interchangeably but are fundamentally different maneu-
vers. In aerobraking the spacecraft performs a propulsive burn on
arrival to get captured into a highly elliptical orbit and subsequently
uses multiple upper atmospheric passes to lower the apoapsis over the
course of several weeks to a few months. The aerobraking maneuver
typically requires no TPS as the velocity decrements over any one
upper atmospheric pass are only a few meters per second compared to
several kilometers per second for aerocapture. Cruz [12], in 1979,
was the first to define the aerocapture mission concept and distin-
guish aerocapture from the concept of aerobraking. There was sig-
nificant interest in the application of aerocapture for the Mars Sample
Return (MSR) mission in the early 1980s, as well as for the Venus
Orbiting Imaging Radar [13,14]. In the late 1980s, the Aeroassist
Flight Experiment (AFE) was conceived to demonstrate aerocapture
at Earth but was eventually canceled because of cost overruns [15].
Aerocapture was considered for the Mars Odyssey mission, but was
later dropped in favor of aerobraking due to cost reasons and heritage
with other Mars missions [16]. Aerocapture was also considered for
the joint NASA/CNES Mars Sample Return Orbiter mission, but was
canceled in the wake of the failure of the Mars Climate Orbiter and the
Mars Polar Lander missions [17]. In 2001, the Aerocapture Flight
Test Experiment, which proposed to demonstrate aerocapture at
Earth, was one of the candidates in NASA’s New Millennium Pro-
gram ST-7 competition [18], and again in the ST-9 competition in
2006 [19], though both were ultimately not flown. Till the early
2000s, most of the aerocapture studies were directed at Mars, par-
ticularly sample return missions.

A large number of aerocapture-related publications appear in the
early 2000s primarily attributed to a multicenter NASA effort as part
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Fig.1 Number of publications related to aerocapture over the past six decades, colored by target planet. Data available at https://github.com/athulpg007/

AMAT/tree/master/bibliometric-data.

of the NASA In-Space Technology (ISPT) Program studies [20].
The studies assessed the benefits offered by aerocapture at Venus,
Mars, Titan, and Neptune in comparison to purely propulsive
insertion and aerobraking. The ISPT studies concluded that aero-
capture offers significant increase in delivered payload mass for
missions to Mars, Venus, and Titan using aerocapture, and enables
entirely new class of missions to Neptune [4,21-24]. In 2005, Hall
et al. [25] performed a study that showed that aerocapture could
enhance missions to Venus, Mars, Titan, and Uranus and enable
some missions to Jupiter, Saturn, and Neptune. The study analyzed
a set of aerocapture missions to various destinations and quantified
the mass benefit of aerocapture compared to propulsive insertion:
Venus (79% more mass), Mars (15%), Titan (280%), Uranus (218%),
and Neptune (832%) [25]. Ingersoll and Spilker [26] highlighted the
importance of using aerocapture for a Neptune mission to achieve
significant science within reasonable flight times. In 2012, the
Japan Aerospace Exploration Agency (JAXA) performed detailed
studies involving mission and spacecraft design for a low-cost
Mars aerocapture demonstration mission [27]. In 2014, Putnam
and Braun [28] developed drag-modulation mission concepts for
planetary aerocapture, and highlighted its applications to small
satellite orbit insertion at Venus, Mars, and Titan. In 2016, Saikia
et al. [29] performed an assessment of aerocapture in support of the
NASA Ice Giants Pre-Decadal Survey Mission Study, which iden-
tified potential high arrival V short time-of-flight interplanetary
trajectories for aerocapture at Uranus and Neptune [30]. The Ice
Giants Pre-Decadal mission study motivated a number of follow-on
studies focusing on aerocapture at Neptune for a future Flagship-
class mission [5,31,32].

In 2016, Spilker et al. [7] performed a study initiated by the NASA
Planetary Science Division (PSD) to assess the readiness of aero-
capture for future missions. The study concluded that an end-to-end
aerocapture technology demonstration is not necessary before use on
a planetary mission. The study found that existing entry system
technologies and TPS materials are feasible for aerocapture missions
to Venus, Mars, and Titan, and require no additional technology
developments aside from engineering developments common to
any space mission. Missions to Uranus and Neptune using aerocap-
ture may require development of mid-L /D aeroshells, and the study
team concluded that at least additional studies were required to
evaluate the readiness of aerocapture for ice giant missions. Aero-
capture at Jupiter is considered a long-term goal due to the very high
entry speeds and harsh aerothermal environments far beyond the
capability of existing TPS materials [7], and propulsive insertion is
the preferred option for the foreseeable future. For Saturn orbit
insertion, aerogravity assist at Titan is a viable method due to the
less demanding aerothermal conditions [33-35].

Drag modulation aerocapture has received renewed interest with
its applications to small satellites for low-cost technology demon-
stration and rideshare planetary science missions to Mars and Venus.

Werner and Braun [36] studied a SmallSat mission architecture to
demonstrate aerocapture at Earth using a geosynchronous transfer
orbit rideshare trajectory. Numerous recent studies have investigated
the feasibility, mission design, and guidance performance for Small-
Sat mission concepts leveraging drag modulation aerocapture at
Mars and Venus [2,37-41]. Drag modulation aerocapture could
enable small satellite constellations such as those currently opera-
tional in low Earth orbit (LEO) and could enable a new paradigm for
Mars and Venus exploration within the next decade [1,42].

The study by Hall et al. [25] in 2005 remains the only study to
quantitatively assess and compare aerocapture performance across
the entire range of planetary destinations. One limitation of the
study is that it assumed that both aerocapture and propulsive inser-
tion architectures use the same interplanetary trajectory, which is
not necessarily optimized for a particular architecture. Also, since
2005, many technology developments have occurred in the field of
TPS, guidance techniques, and interplanetary SmallSats. Spilker
et al. [7] performed a comprehensive review of the aerocapture
technology readiness for future missions, but it remains largely
qualitative.

The present study aims to perform a quantitative and comparative
assessment of aerocapture across the full set of solar system targets
with applications to future missions. Researchers at Purdue Univer-
sity have developed a framework for rapid mission design studies
considering the coupled nature of interplanetary arrival conditions
and vehicle performance for aerocapture [43]. Lu and Saikia [44]
applied the methodology for lift modulation aerocapture at Titan
considering a range of vehicle L/D and interplanetary arrival con-
ditions. Girija et al. [3] applied the methodology for aerocapture at
Venus, including both lift and drag modulation techniques. Girija
et al. [5] applied the methodology for aerocapture at Neptune to
identify short-time-of-flight, high-arrival-V  trajectories that lower
the vehicle L/D requirement from 0.6-0.8 to 0.3-0.4. This paper
extends the methodology to all atmosphere-bearing solar system
destinations—Venus, Earth, Mars, Jupiter, Saturn, Titan, Uranus,
and Neptune. Aerocapture feasibility charts are used to concisely
present the various constraints arising from corridor width, deceler-
ation, and heating requirements for both lift and drag modulation
techniques. Mission designers can quickly assess the feasibility of
aerocapture for a mission concept to any atmosphere-bearing desti-
nation using a limited number of design parameters. The mass-
benefit analysis enables comparison of the delivered mass with
alternative orbit insertion techniques such as aerobraking and purely
propulsive insertion for a range of interplanetary arrival conditions.
The paper also introduces a new open-source software for rapid
conceptual design of aerocapture missions, the Aerocapture Mission
Analysis Tool (AMAT), whose features and capabilities are briefly
discussed. AMAT can be used to quickly assess aerocapture feasibil-
ity, select a baseline architecture, as well as perform Monte Carlo
simulations to assess aerocapture vehicle performance [45].
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II. Methodology

Aerocapture feasibility charts use a graphical approach to visualize
the various constraints arising from control authority requirement,
peak deceleration, stagnation-point peak heat rate, and total heat load
as a function of vehicle aerodynamic performance and interplanetary
arrival conditions. The mission designer can select acceptable con-
straint values in the feasibility charts and define the feasible set of
key vehicle performance parameters such as lift-to-drag ratio L/D
(for lift modulation aerocapture) or the ballistic coefficient ratio
P> /P, (for drag modulation aerocapture) and the range of feasible
interplanetary arrival V values. The procedure for creating the
aerocapture feasibility charts and their application to trade studies
have been extensively discussed in previous studies [3,5,44]. A brief
discussion of the key aerocapture vehicle design considerations—
theoretical corridor width, peak deceleration, peak heat rate, and total
heat load used in the aerocapture feasibility charts—is given below.

A. Theoretical Corridor Width

To perform aerocapture, the entry vehicle must enter the atmos-
phere within the aerocapture corridor bounded by the minimum and
maximum acceptable entry flight-path angles (EFPAs) as shown
in Fig. 2.

The minimum EFPA y;, (undershoot limit) is the steepest EFPA
at which the vehicle can enter and achieve the desired atmospheric
exit conditions to achieve the target apoapsis. The maximum EFPA
Ymax (overshoot limit) is the shallowest allowable for the vehicle to
achieve the desired orbit upon atmospheric exit. The difference
between the two bounding EFPAs is termed the theoretical corridor
width (TCW), and it is a measure of the vehicle control authority.

TCW = |7/max - Yminl (1)

The required corridor width (RCW) is a measure of the combined
uncertainties in approach navigation, atmospheric density, and
other uncertainties [23]. For the vehicle to perform the aerocapture

Theoretical Corridor Width (TCW)

A

Too shallow —

maneuver without risking crashing into the planet or flyaway with-
out getting captured, the available TCW must exceed the RCW.

TCW > RCW + ¢ 2)

where € is additional margin to accommodate factors such as
shallow limit sensitivity and high-frequency density perturbations
[5,23]. If the available TCW exceeds the RCW with sufficient
margin, vehicle control authority is deemed adequate. Calculation
of the RCW requires knowledge of the delivery error, the atmos-
pheric uncertainty, and aerodynamic uncertainties to be expected
[5,23]. Typical values of RCW are expected to be in the range of
0.5-1.0 deg for Venus, Earth, Mars, and Titan, whose atmospheres
are relatively well known [4,22]. For Uranus and Neptune, whose
atmospheres have large uncertainties, typical RCW values are in the
range of 1.0-2.0 deg [4,5]. Table 1 lists the nominal delivery errors
and TCW from previous aerocapture mission studies.

B. Peak Deceleration

During the aerocapture maneuver, the vehicle decelerates rapidly
as it descends into the denser region of atmosphere. The peak
deceleration load G (in Earth g) to be withstood by the aeroshell
structure, orbiter payload, and on board instruments is a critical
design parameter for aerocapture missions. The peak deceleration
must be less than maximum allowable deceleration G, set by the
mission designer based on the structural and instrument sensitivity
considerations.

G < Gax 3

C. Peak Heat Rate

The aerocapture vehicle needs to withstand aerothermodynamic
heating during the atmospheric pass at hypersonic speed. TPS mate-
rials protect the orbiter inside the aeroshell from the heating, and the
TPS material is chosen based on the peak stagnation-point aerother-

mal conditions. The convective heating rate ¢, is estimated using the
Sutton—Graves empirical relation [50]:

Not captured

Desired

Fig. 2 Theoretical corridor width (TCW) and other aerocapture vehicle design considerations.

Table1 Nominal delivery errors and TCW from previous studies

Destination Mission or study 3 — 0 EFPA error, deg  TCW, deg Reference Year
Venus Venus aerocapture (lift) +0.20 1.52 Lockwood et al. [4] 2006
Venus Venus aerocapture (drag) +0.20 0.40 Austin et al. [1] 2019
Earth Hayabusa +0.01 —_— Haw et al. [46] 2011
Mars MSL +0.01 —_— Martin-Mur et al. [47] 2014
Titan Titan aerocapture +0.93 3.50 Way et al. [48] 2003
Neptune Neptune aerocapture +0.51 2.00 Starr et al. [49] 2004
Neptune Neptune aerocapture +0.33 1.25 Girija et al. [5] 2020
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where K is a constant determined by the planet’s atmospheric com-
position, p, is the freestream atmospheric density in kilograms per
cubic meter, Ry is the vehicle’s effective nose radius in meters, and V
is the freestream velocity in meters per second. The values of K for the
various planets are listed in Table 2. Note that ¢, has units of watts per
square centimeter. The radiative heating rate ¢, is computed using the
correlations from sources listed in Table 2 [51]. Typical values of
peak heat rate for lift modulation aerocapture vehicles are in the range
of 50-400W /cm? at Mars and Titan [21,44], 500-2000W /cm?
at Venus and Earth [3,52], and 1000-8000W /cm? at Uranus and
Neptune [5,23]. Reusable TPS materials such as Space Shuttle tiles
can withstand about 100 W/ cm? [53], whereas ablative TPS such as
phenolic impregnated carbon ablator (PICA) can accommodate up to
about 1200 W /cm? [54]. Heatshield for Extreme Entry Environment
Technology (HEEET) is a novel 3D woven TPS material and has
been tested to about 8000 W /cm? under certain laboratory condi-
tions [55].

Drag modulation system uses a low-ballistic coefficient configu-
ration that allows the vehicle to decelerate in the thinner upper regions
of the atmosphere and thus keep the heating rates low [28,61]. Drag
modulation vehicles can use a jettisonable rigid drag skirt with
reusable tiles or PICA or a deployable system such as Adaptable,
Deployable, Entry, and Placement Technology (ADEPT) with woven
carbon cloth as the TPS. Carbon cloth has been tested to about
250 W/cm? [62]. The TPS used for drag modulation vehicles is
expected to be able to sustain peak heat rates in the range of
50-1000 W /cm?. The available TPS material and testing limitations
impose the constraint that the peak heat rate is less than the maximum
allowable value.

9 < dmax (&)

D. Total Heat Load

The stagnation-point heat load Q (the integral of the stagnation-
point heat rate for the duration of atmospheric flight) is an important
parameter that determines the TPS mass fraction. A higher heat load
implies that more TPS thickness is required, hence a higher TPS mass
fraction and a lower overall useful payload mass fraction. Using data
from flown entry vehicle designs, Laub and Venkatapathy [63]
reported a correlation between the stagnation-point heat load Q and
TPS mass fraction f1pg for heritage blunt-body aeroshells as follows:

Frps(%) = 0.091Q031575 ©)

in which Q has units of J/cm?. Equation (6) can be used to approx-
imately estimate the TPS mass fraction, though it is valid only for
preliminary conceptual studies. Equation (6) is likely a conservative
estimate because state-of-the-art TPS materials such as HEEET are
substantially lighter than heritage carbon phenolic (>40%), which

Table2 Aerodynamic heating correlations

Planetor ~ Convective heating Radiative heating

moon (value of K) [51] correlation (source)
Venus 1.8960E-8 Ref. [52]
Earth 1.7623E-8 Ref. [56]
Mars 1.8980E-8 Ref. [52]
Jupiter 0.6556E-8 Ref. [57]
Saturn 0.6356E-8 Ref. [57]
Titan 1.7407E-8 2

Uranus 0.6645E-8 Ref. [58]
Neptune 0.6719E-8 Ref. [58]

“The radiative heating contribution may be comparable or more than
the convective heating at Titan [59,60]. No empirical relations were
available and hence not included in the results.

was used in a number of missions from which the empirical relation
is derived [64]. Higher-fidelity studies can use computational fluid
dynamics (CFD) simulations and other thermal analysis packages
to refine the TPS distribution and the TPS mass fraction. For initial
concept studies, to keep the TPS mass fraction within a reasonable
value, the mission designer can specify a maximum allowable heat
load:

Q < Omax N

Typical values of the total heat load for lift modulation aerocapture
range from about 5 to 25 kJ/cm? at Mars [21,65]; 10 to 50 kJ/cm?
at Earth, Venus, and Titan [3]; and 100 to 600 kJ/ cm? at Uranus and
Neptune [5,23]. These heat loads roughly correspond to TPS mass
fractions of about 10% at Mars; 10—-25% at Earth, Venus, and Titan;
and 35-60% at Uranus and Neptune. The validity of the relation-
ship at very high heat loads such as those expected at Uranus and
Neptune is not clear, and additional studies are required to deter-
mine the TPS mass fraction for aerocapture at these destinations.
Venkatapathy et al. [66] performed sizing calculations using PICA
and HEEET for a Neptune aerocapture mission using a blunt-body
aeroshell and reported TPS mass fraction not exceeding 20% for an
arrival V, of 22 km/s. The study also found that conformal PICA
is more efficient than HEEET (five times less TPS mass) if the
stagnation point peak heat rate is within PICA’s tested capability of
1200 W/cm?. The total heat load attempts to quantify the mass
penalty from having to carry a TPS for aerocapture as opposed to
conventional propulsive insertion or aerobraking where no TPS is
required. This allows a mission designer to compare the delivered
mass using different orbit insertion options during the early stages
of a mission study when a detailed vehicle design is likely not
available.

E. Vehicle Design

Aerocapture vehicles require control authority to allow the vehicle
to target the desired capture orbit and not risk undershooting or
escaping the planet. There are two ways of providing aerodynamic
control authority: lift modulation and drag modulation. For the lift
modulation technique, the critical vehicle design parameter that
dictates control authority is the vehicle lift-to-drag ratio L/D. Most
planetary entry vehicles flown to date have L/D in the range of
0-0.40 and are classified as low-L/D vehicles. Low-L/D vehicles
have been shown to provide sufficient control authority at Venus,
Earth, Mars, and Titan [4,21,22]. Aerocapture studies at Uranus and
Neptune have traditionally used mid-L /D vehicles with L /D in the
range of 0.6-0.8 [23], though recent work [5,31] has shown that
improvements in delivery errors, and guidance schemes can reduce
the L /D requirement. Another important vehicle design parameter is
the vehicle ballistic coefficient . A vehicle with a lower ballistic
coefficient will slow down higher up in the atmosphere where it
is thinner, and encounters lower peak heat rates as compared to a
high ballistic coefficient vehicle. Typical values of g for rigid
blunt-body aeroshells fall in the range of 150 (MSL)—400 (Apollo)
kg/m? [65,67]. The present study assumes a nominal value of § =
200 kg/m? for all the lift modulation results.

For drag modulation, the vehicle control authority is determined
by the ballistic coefficient ratio after and before drag skirt separa-
tion S, /. In a simple discrete event drag modulation vehicle, the
ballistic coefficient is allowed to take two values: a small value /3,
with the drag skirt on and a high value $, after the drag skirt is
jettisoned [28]. The present study assumes that the drag modula-
tion technique is used to insert a small satellite (<200 kg) into orbit
such as the one studied by Austin et al. [1], and uses a nominal
value of #; = 20 kg/m? for all the drag modulation cases.

Another important vehicle design parameter is the effective nose
radius Ry, which strongly affects the stagnation point heat rate as
seen in Eq. (4). The present study assumes that Ry = 1.0 m, which
is comparable to the MSL geometry for all the lift modulation
results, and Ry = 0.1 m (based on Ref. [1]) for all the drag modu-
lation cases.
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F. Atmosphere Models

The present study uses mean density profiles from the Global
Reference Atmospheric Models (GRAMs) for Venus, Earth, Mars,
Titan, and Neptune. GRAMs are engineering-level atmosphere
models developed by NASA Marshall Spaceflight Center and are
widely used for analysis of flight trajectories in planetary atmos-
pheres [68-71]. For Jupiter, data from the Galileo Atmospheric
Structure Instrument (ASI) is used [72]. For Saturn, a nominal
atmospheric profile from Voyager radio occultation measurements
isused [73]. For Uranus, a nominal atmospheric profile developed by
NASA Ames Research Center for entry probe studies and made
available to the authors is used [74].

For preliminary mission studies, it is sufficient to use a nominal
mean density profile for aerocapture trajectory analysis as done in the
present work. Higher-fidelity studies to quantify guidance perfor-
mance will need to include the effect of mean density variations,
uncertainty in mean profiles, and high-frequency density perturba-
tions in the atmosphere model [5]. Table 3 lists the models used in the
study= and the height of the atmospheric interface at which the TCW
values are reported in Sec. IV.

H. Interplanetary Arrival Conditions and Target Capture Orbit

The arrival V is an important parameter that characterizes the
interplanetary trajectory. The arrival V , determines the planet-rela-
tive entry speed at the atmospheric entry interface, which in turn
determines the available TCW, deceleration, and heating encountered
by the aerocapture vehicle. Typical arrival V , values are less than
6 km/s for targets such as Venus and Mars [3], and less than about
12 km/s in the outer solar system for propulsive insertion architec-
tures [5,30]. The present study considers a wide range of arrival V
for every planetary destination. The wide range is chosen to accom-
modate scenarios such as a small satellite being delivered to Venus by
a mother spacecraft that is using Venus as a gravity-assist body on its
way to the outer solar system. Another scenario would be a very short
time-of-flight (<6 years), high-energy trajectory to Neptune that
arrives with a V, of 20 km/s or more. Table 4 lists the target capture
orbits for the various destinations considered in the study and are
based on previous aerocapture and other mission concept studies.

For outer planet missions such as those to Uranus and Neptune,
typical propulsive insertion architectures generally use a highly
elliptical (period >100 days) capture orbit to minimize the orbit
insertion AV and hence the required propellant mass. Such large
initial capture orbits are not practical for aerocapture, as the margin
between getting captured and escaping is too small at atmospheric
exit. For example, aerocapture at Neptune into a 3-day orbit with a
target apoapsis altitude of 400,000 km results in veyi( /Vescape 0 0.97,
which is high but still provides acceptable margin [3,23]. For a 100-
day orbit, with a target apoapsis altitude of 4 million km, Veyj /Vescape
exceeds 0.99 and presents a substantial risk of the vehicle not getting
captured considering large atmospheric uncertainties at Neptune.

III. Interplanetary Trajectory Trade Space

A database of interplanetary trajectories to Venus, Uranus, and
Neptune was compiled to assess the range of arrival Vo, values for
each destination and provide a catalog of trajectories for rapid mis-
sion studies. The interplanetary trajectory study was limited to these
destinations because of the time constraints of this study, and these
destinations are representative of an inner planet and an outer planet
mission using aerocapture. The interplanetary trajectories from Earth
to Venus were generated using the Satellite Tour Design (STOUR)
software developed at Jet Propulsion Laboratory and upgraded at
Purdue University for automated design of gravity assist trajectories
[75]. STOUR is a patched conic tool that allows multiple body
gravity assist sequences along with user-specified AV constraints
and has widely been used in preliminary mission studies [76-78].
Trajectory data for Uranus and Neptune come from two sources: the

**Atmosphere models used in the study are available online at https://
github.com/athulpg007/AMAT/tree/master/atmdata.

Table 3 Atmospheric models and entry interface

definition

Planet or Entry interface (height
moon Atmosphere model above surface, km)
Venus Venus-GRAM 150
Earth Earth-GRAM 140
Mars Mars-GRAM 120
Jupiter Galileo ASI data 1000*
Saturn Voyager radio 1000*

occultation data
Titan Titan-GRAM 1000
Uranus Ames model 1000*
Neptune Neptune-GRAM 1000*

“Surface defined at the 1 bar pressure level.

Table 4 Target capture orbits

Target orbit periapsis X apoapsis, km

Planet or moon  Lift modulation Drag modulation

Venus 400 x 400 400 x 400
Earth 400 x 400 400 x 400
Mars 400 x 400 400 x 400
Jupiter 4,000 x 430,000 4,000 x 4,000
Saturn 4,000 x 265,000 4,000 x 4,000
Titan 1,700 x 1,700 1,700 x 1,700
Uranus 4,000 X 903,323 4,000 x 4,000°
Neptune 4,000 x 400,000° 4,000 x 4,000

“Based on an assumed 10-day science orbit.
"Based on an assumed close-in orbit for a small spacecraft.
“Based on an orbit that permits Triton flybys [3,23].

NASA Ice Giants Pre-Decadal Mission Study [30], and a set of high
V , trajectories computed at the Jet Propulsion Laboratory and made
available to the authors during the same study. In addition to the
arrival V,, two other important parameters for an interplanetary
trajectory are the launch Cs, which dictates the launch mass capabil-
ity for a given launch vehicle, and the time of flight, which is of great
importance for outer planet missions. Tradeoffs between the launch
C3, time of flight, and arrival V, and their implications for aero-
capture mission design are discussed for the various destinations
considered.

A. Venus

Figure 3 shows the interplanetary trajectory trade space for
Earth—Venus transfers. Launch dates spanning a period of 8 years
(2018-2026) are chosen, as the Earth—Venus orbital configuration
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Fig.3 Trade space for Venus interplanetary trajectories.
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approximately repeats every 8 Earth years and the results are repre-
sentative of the wide range of launch and arrival conditions [79].

The results are for ballistic transfers from Earth to Venus, and with
up to one deep-space maneuver (DSM) and one Venus flyby. The
trajectories with time of flights between 100 and 200 days are the
direct Earth—Venus transfers, whereas those in the range of 300-700
days correspond to trajectories with a Venus flyby and a deep space
maneuver before arrival at Venus. The range of arrival V  is 2-6 km/s
for Earth—Venus trajectories as seen in Fig. 3.

B. Uranus and Neptune

Figures 4 and 5 show the trajectory trade space for Uranus and
Neptune, respectively. The trajectories are divided into two classes:
1) a set of low-Cj3, low-arrival-V ., ballistic, and solar electric pro-
pulsion trajectories shown in blue, and 2) a set of high-Cj3, high-
arrival-V, (12-25 km/s) ballistic trajectories shown in the color
range from green to red. The first class is well suited for propulsive
insertion architectures as the low arrival V , keeps the orbit insertion
AV as small as possible and hence the propellant mass low. The first
class of trajectories has C; in the range of 1075 km?/s? and is
suitable when the largest launch vehicles available are Atlas V551 or
similar.

The second class of trajectories becomes feasible only if aerocapture
is considered, as propulsive insertion becomes infeasible for arrival V
of 12 km/s or higher as will be shown in Sec. V.E. The second class is
characterized by high C; in the range of 75-200 km? /s? and requires
the use of launch vehicles such as the Delta IV Heavy, Falcon Heavy, or
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the Space Launch System (SLS). For a launch C; of 100 km?/s?, the
second class of trajectories can enable flight times as low as 6 years to
Uranus and as low as 8 years to Neptune. The high arrival V , reduces
the vehicle L /D requirement as will be shown in Sec. IV.G, though the
high entry speeds also result in substantial aerothermal loads. Prelimi-
nary calculations indicate that existing TPS materials such as HEEET
can accommodate arrival Vo, values up to about 23 km/s at Uranus
and Neptune.

IV. Aerocapture Feasibility Charts

Aerocapture feasibility charts are presented in this section for lift
and drag modulation aerocapture at Venus, Earth, Mars, Jupiter,
Saturn, Titan, Uranus, and Neptune. The vehicle control authority
and heating environments are strongly destination dependent, and
these charts enable a quantitative comparison of the feasibility of
aerocapture across the solar system. Table 5 summarizes the range of
constraint values for TCW and peak deceleration considered in this
section. Additional charts with more contour levels are presented in
the Appendix.

A. Venus

Figure 6a shows the lift modulation aerocapture feasibility chart
for Venus with a selected set of constraint values. The green-shaded
region indicates the feasible set of L/D and arrival V, for TCW
requirement of 1.0 deg. If the TCW requirement can be reduced to
0.5 deg by improvements in approach navigation, for example, the
vehicle control requirements can be relaxed and aerocapture can be
accomplished with a lower L/D vehicle as indicated by the yellow
region. Typical values of arrival V , fall in the range of 2—6 km/s for
Earth—Venus transfers [3], though gravity assist flybys of Venus
could have much higher V. Figure 6a shows that heritage blunt-
body aeroshells with L /D in the range 0.1-0.4 offer sufficient control
authority for aerocapture at Venus, which implies that heritage aero-
shell designs such as Viking, Apollo, MSL, and Orion can be
leveraged for future Venus missions [65,67,80,81]. Figure 6a allows
the mission designer to quantitatively estimate the required vehicle
L /D based on the required TCW and arrival V ,, while staying within
the deceleration and heating constraints. The peak heat rates at Venus
are higher compared to Earth because of the different atmospheric
characteristics, but are within the capability of PICA for V, of up to
about 5 km/s, and within the capability of HEEET for V , of up to
about 10 km/s. For the shaded region, the stagnation-point total heat
load does not exceed 50 kJ /cm?, which implies that expected TPS
mass fraction is less than 24% based on Eq. (6).

Figure 6b shows the drag modulation feasibility chart for Venus.
The TCW for drag modulation technique (f,/f; < 10) is generally
smaller than that for lift modulation vehicles (L/D < 0.4). If the
TCW requirement is 0.60 deg, the required vehicle f,/f; is about
20. If the TCW requirement is lowered to 0.30 deg, a vehicle with
P>/ P of approximately four can provide the required control author-
ity. For comparison, the Venus drag modulation concept studied by
Austin et al. [1] used a 3, /f; of 9.2 to accommodate a +0.2 deg
EFPA uncertainty at the entry interface. The selected peak heat rate

Table5 TCW values used in the feasibility charts

TCW, deg Peak heat rate, W /cm?
Planet or Lift Drag Lift Drag
moon modulation® modulation® modulation modulation
Venus 0.5-1.0 0.3-0.6 1,000-5,000 400-600
Earth 0.5-1.0 0.3-0.6 1,000-5,000 400-600
Mars 0.5-1.0 0.3-0.6 300-800 200-600
Jupiter 0.2-0.5 0.3-0.4 12,000-16,000 9,000-10,000
Saturn 0.5-1.0 1.0-1.5 1,600-3,200 1,800-2,100
Titan 0.5-1.0 1.0-2.0 100-400 70-200
Uranus 1.0-2.0 0.5-1.0 2,000-7,000 1,200-1,600
Neptune 1.0-2.0 0.5-1.0 2,000-7,000 1,200-1,600

“TCW range based on the discussion in Sec. ILA.
®Based on the available TCW for the range of 3,/ and V., considered.
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Fig.6 Aerocapture feasibility charts for Venus. The green region in the left figure indicates the feasible (L /D, V ) for lift modulation aerocapture with a
TCW requirement of 1 deg. With a required TCW of 0.50 deg, the yellow region also becomes feasible.

constraint of 400 W/cm? (a nominal upper limit for carbon-cloth
TPS used in deployable drag modulation system derived from
ADEPT) limits the arrival V  to about 5 km/s. If a rigid drag skirt
with PICA TPS is used, it is possible to accommodate V , of up to
about 10 km/s. Drag modulation is an attractive option to insert
small rideshare satellites into Venus orbit from a larger mission that
uses Venus for gravity assist [1,82].

B. Earth

Figure 7a shows the lift modulation chart for Earth and is similar to
Venus (Fig. 6a) except for the less-demanding heating environment.
The shaded feasible region indicates that heritage low-L /D vehicles
(L/D of 0.1-0.4) offer sufficient control authority at Earth for the
aerocapture maneuver. For the selected heat rate constraint of
1000 W /cm?, which can be accommodated by PICA, the arrival
V is limited to about 8 km/s. For a potential sample return mission
from the outer solar system that has a higher V, of about 12 km/s
and peak heat rate of about 5000 W /cm?, HEEET TPS can be used.
Aerocapture at Earth is of particular interest for two mission catego-
ries: an aerocapture demonstration at Earth as proposed by Hall [18]
and Keys [19], and a sample return from a solar system target that is
desired to be captured into Earth orbit instead of bringing the samples
to the surface for planetary protection reasons.

Figure 7b shows the drag modulation chart for Earth. Earth’s well-
known atmosphere and small EFPA uncertainties compared to plan-
etary destinations make the vehicle control authority requirements
the least demanding. As seen from the shaded region in Fig. 7b,
ballistic coefficient f,/f; ratios as small as five offer sufficient
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control authority if the TCW requirement is 0.6 deg. For TCW
requirement of 0.3 deg the f3,/f, ratio can be reduced to two. The
peak heat rates are well within the capability of PICA for V  less than
10 km/s, and for smaller values of V, carbon cloth may be suffi-
cient, enabling a deployable system such as ADEPT to be used. Drag
modulation at Earth is particularly attractive as an option to demon-
strate a low-cost end-to-end aerocapture mission using a SmallSat.
Werner and Braun [36] studied such a SmallSat mission concept with
a f}, /P ratio of 4.5 and a jettisionable drag skirt with PICATPS. The
SmallSat would fly as a secondary payload on a Geosynchronous
Transfer Orbit (GTO) launch and then demonstrate aerocapture, thus
greatly reducing the cost of such a mission.

C. Mars

Figure 8a shows the lift modulation chart for Mars, and it is similar
to that for Venus and Earth, but with significantly less demanding
aerothermal loads. Low L/D vehicles once again offer sufficient
control authority as seen from the shaded feasible regions, and the
peak heat rates are well within the capability of PICA. The MSL
aeroshell design (L/D = 0.24, PICATPS) may be readily adapted to
a future Mars aerocapture vehicle. Spilker et al. [7] point out that the
hypersonic maneuvering capabilities for precision landing demon-
strated by MSL at Mars are more challenging than that required for
aerocapture. The relatively benign peak heat rates and experience
with entry systems make Mars another attractive destination for
future technology demonstration missions after Earth. Fujita and
Narita [27] have studied a small-sized Mars aerocapture demonstra-
tor concept with L /D = 0.2 and a nonablative lightweight TPS that
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Fig. 7 Aerocapture feasibility charts for Earth.
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Fig. 8 Aerocapture feasibility charts for Mars.

could sustain the expected peak heat rate of 50 W /cm?. Future, more
ambitious missions using aerocapture at Mars may be able to deliver a
lander or rover and an orbiter using a single aeroshell similar to the
concept studied by Hassett [83] in the 1980s. The propellant savings
offered by aerocapture compared for such large and complex mis-
sions such as SR, and future manned missions make it an attractive
option to be considered in future mission studies [24,84].

Figure 8b shows the drag modulation chart for Mars, which is
similar to that for Earth (Fig. 7b), but with a much more benign
heating environment. The shaded region indicates that ballistic coef-
ficient ratios as small as three may be sufficient to provide the
required control authority at Mars while keeping the peak heat rate
below 200 W /cm?. Putnam and Braun [28] has extensively analyzed
drag modulation flight performance for Mars missions. Werner and
Braun [36] analyzed the performance drag modulation system with
P»/P = 4.5 designed for Earth demonstration, and found compa-
rable performance for the system at Mars. With its relatively benign
heating environment and excellent control authority provided by low
P>/ P, vehicles, Mars presents an attractive opportunity for alow-cost
aerocapture demonstration at a planetary target. Falcone et al. [2]
analyzed alow-cost SmallSat mission concept using drag modulation
at Mars with a f,/f; ratio of 9, and reported peak heat rates less
than 100 W /cm?.

D. Jupiter

Figure 9a shows the lift modulation aerocapture feasibility chart
for Jupiter. Jupiter’s large gravity well results in planet-relative
entry speeds in excess of 50 km/s and presents extremely high heat
rates and heat loads on the entry vehicle. The harsh aerothermal
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environment for aerocapture at Jupiter makes it challenging to per-
form aerocapture, and propulsive insertion is the preferred orbit
insertion method for the foreseeable future. The available corridor
width is much smaller compared to that of Earth or Mars, and low-
L /D blunt-body aeroshells do not offer sufficient control authority at
Jupiter. For these reasons, aerocapture is considered by experts as
long-term goal when there are significant advances in TPS materials
capable of handling such extreme entry conditions [7].

Figure 9b shows the drag modulation chart for Jupiter. Once again,
the extremely high peak heat rate exceeding 10,000 W/cm? is
considered beyond the capability of any existing TPS materials used
on drag modulation systems. The available corridor width is also
quite small. A ballistic coefficient ratio of 20 is required even for a
very low TCW of 0.4 deg. These factors make drag modulation
aerocapture at Jupiter infeasible in the near-term, and it is not of
practical interest for missions to Jupiter for the foreseeable future.

E. Saturn

Figure 10a shows the lift modulation aerocapture feasibility chart
for Saturn, which is quite similar to that of Jupiter (Fig. 9a), but with
less severe aerothermal conditions. For a TCW requirement of 1 deg,
mid-L /D vehicles are required to provide sufficient control authority
except at high arrival Vo (>15 km/s) where blunt-body aeroshells
might be sufficient. The peak heat rate is within the capability of
HEEET. Although aerocapture at Saturn appears feasible, it is well
known that performing aerocapture or aerogravity assist at Titan is a
much more attractive option [85].

Figure 10b shows the drag modulation chart for Saturn. The
peak heat rates are not as high as that at Jupiter, but still are quite
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Fig.9 Aerocapture feasibility charts for Jupiter.
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Fig. 10 Aerocapture feasibility charts for Saturn.

high values for drag modulation systems, making them an infeasible
option for aerocapture at Saturn. As explained in Sec. IV.E, it is
desirable to use Titan’s atmosphere to achieve orbit insertion at
Saturn.

F. Titan

Figure 11a shows the lift modulation aerocapture feasibility chart
for Titan, and it is similar to that for Mars (Fig. 8a). Titan’s low gravity
and the extended dense atmosphere result in large-scale heights,
which enable vehicles with L /D as small as 0.1 to provide excellent
control authority. The low gravity also implies that the planet-relative
entry speeds are low, resulting in benign heating rates even less than
that for Mars. The large available TCW and very low peak heat rates
make Titan the least demanding destination for aerocapture in our
solar system [7]. Lu and Saikia [44] have extensively studied the
feasibility of lift modulation aerocapture for future Titan missions.
Spilker et al. [7] concluded that aerocapture at Titan can be accom-
plished using existing aeroshells and TPS, and no new technology
development efforts would be required other than engineering devel-
opments common to any mission.

Figure 11b shows the drag modulation chart for Titan, which is
similar to that for Mars (Fig. 8b). For a TCW requirement of 0.6 deg,
vehicles with 3, /3, as low as two provide sufficient control authority.
The heat rates are even lower than that for Mars, making Titan an
attractive destination for drag modulation aerocapture. Putnam and
Braun [28] have extensively analyzed the aerothermal environment
and flight performance for drag modulation aerocapture vehicles at
Titan. Future missions may use drag modulation aerocapture to insert
multiple small satellites into appropriate Titan orbits such as those for
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low-altitude global mapping constellations or communication relays
for surface missions [2].

G. Uranus

Figure 12a shows the lift modulation aerocapture feasibility chart for
Uranus. The green-shaded region indicates that, for TCW requirement
of 2 deg, vehicles with L/D in the range of 0.6-0.8 are required to
provide sufficient control authority. Such mid-L /D vehicles have not
yet been flown on planetary missions and will require significant
development and testing. The lack of a flown mid-L/D vehicle
presents a major hurdle for aerocapture at Uranus (and Neptune).
Heritage blunt-body aeroshells such as Apollo entry vehicle have
L/D values less than 0.40. If the TCW requirement is lowered to
1 deg, the yellow region becomes feasible lowering the L /D require-
ment, and vehicles with L /D = 0.40 offer sufficient control authority
for high values of arrival V. It is worth noting that interplanetary
trajectories with V  less than a critical value (defined for a given TCW
requirement and L/D) are infeasible for aerocapture missions due
to lack of control authority. For example, for TCW = 1 deg and
L/D = 0.4, the minimum required arrival V, is about 17 km/s as
seen in Fig. 12a. For a trajectory with arrival V, of about 10 km/s
(which is typical for architectures with propulsive insertion [30]),
aerocapture is infeasible even with a mid-L /D vehicle.

The expected peak heat rates are in the range of a few to several
thousand watts per square centimeter, and HEEET is the only candi-
date TPS material. PICA may be sufficient in certain situations with
less demanding entry conditions such as at the low end of feasible
arrival V,, and near-equatorial prograde entry. Selecting a high
arrival V, to lower the vehicle L /D requirement must be carefully
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Fig. 11 Aerocapture feasibility charts for Titan.



Downloaded by Athul Pradeepkumar Girija on February 22, 2022 | http://arc.aiaa.org | DOI: 10.2514/1.A35214

10 Article in Advance / GIRUA ETAL.

1.0 T
0.8
0.6
Q
3
0.4}
— TCW, deg
02L-- g-load
' - g, W/cm?
—- Q, kJ/cm? I
0.0 1 1 1 T ‘n'
0 5 10 15 20 25 30

Arrival Vo, km/s
a) Lift modulation

OF g T
e !
35T ° i | 1
S T
30 g =1 b
% 2!
- 251 ?1 5 7
Q 1 o
: 20F | 4
& .
15 L 5
| =— TCW, deg o
10 i == gload
: “aan 1 2
5 —0.50——— g, W/em 1
—- Q, kJ/cm? A
0 5 10 15 20 25 30
Arrival V., km/s
b) Drag modulation

Fig. 12 Aerocapture feasibility charts for Uranus.

balanced against the proximity to the peak heat-rate constraint boun-
daries. Figure 12a neglects the effects of planetary rotation for
simplicity, but the entry latitude and orientation are known to affect
heat rates substantially for Uranus and Neptune when planetary
rotation is included [5]. Higher-fidelity studies must account for
these effects when selecting TPS materials for aerocapture at the
ice giants.

Figure 12b shows the drag modulation chart for Uranus. A ballistic
coefficient ratio of 25 is required to achieve 1.0 deg TCW at an arrival
Vo of 15 km/s. Lowering the TCW requirement to 0.5 deg would
allow ballistic coefficient ratio of about 7 to be feasible. The peak heat
constraint of 1200 W /cm? limits the maximum arrival Vo, to about
17 km/s. Given the large atmospheric uncertainties to be expected at
Uranus, the delivery EFPA errors would likely have to be driven down
to an order of magnitude lower than what is possible with existing
navigation technologies [5]. Autonomous navigation (AutoNAV)
technology that removes the requirement for ground in the loop in
tracking and trajectory correction maneuvers (TCMs) may allow such
tight tolerances on EFPA to be achieved [86]. Similar studies address-
ing the EFPA errors have been performed for drag modulation aero-
capture at Venus [1], and extension of these results to Uranus and
Neptune is recommended for future studies.

H. Neptune

Figure 13a shows the lift modulation feasibility chart for Nep-
tune, and it is similar to that for Uranus (Fig. 12a). The green-
shaded region indicated that vehicle L /D in the range of 0.6-0.8 is
required for TCW requirement of 2 deg as concluded by Lockwood
et al. [23] in 2006. For TCW requirement of 1 deg, the feasible
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region expands to include the yellow-shaded area. Recent work has
indicated that using a trajectory with arrival V of 20 km/s
coupled with improvements in navigation and guidance can reduce
the L/D requirement to 0.3-0.4, enabling heritage blunt-body
aeroshells such as Apollo to perform aerocapture at Neptune [5].
The expected peak heat rates for Neptune aerocapture fall in the
range of 1000-8000 W /cm?, which requires the use of HEEET
TPS, or PICA in some conditions at the lower end of the range.
Neptune’s large gravity well results in planet-relative entry speeds
in the range of 27-33 km/s and heat loads in the range of few to
several hundred kilojoules per square centimeter. Additional study
is required to ascertain if the TPS mass fraction can be kept within
an acceptable level for such large total heat loads.

Aerocapture was considered a potentially enhancing new technol-
ogy by the Ice Giants Pre-Decadal Mission Study, which investigated
both Uranus and Neptune mission concepts [30]. Missions to Uranus
and Neptune stand to benefit the most from aerocapture owing to their
large heliocentric distances. In addition to delivering substantially
more mass than propulsive architectures, aerocapture can enable a
new class of short-time-of-flight, fast-arrival-V , trajectories that are
infeasible with propulsive insertion. When combined with aerocap-
ture, the SLS would enable trip times to Uranus and Neptune to be as
short as 5 and 7 years, respectively [87].

Figure 13b shows the drag modulation chart for Neptune. Vehicles
with 3,/ of 15 or more provide sufficient control authority for
TCW requirement of 1.0 deg or less. Additional study is required to
ascertain if a small satellite using drag modulation can achieve the
tight EFPA error requirements required to meet this TCW require-
ment. As is the case with Uranus, deployment of small satellites into
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Fig. 13 Aerocapture feasibility charts for Neptune.
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different orbits from a mother spacecraft on arrival or after orbit
insertion using drag modulation may be possible and is worth future
investigation. The considered peak heat rate constraint of
1200 W /cm? though a high value for drag modulation systems can
only accommodate arrival V up to about 13 km/s.

V. Mass-Benefit Analysis

The mass benefit offered by aerocapture depends on the destina-
tion and the interplanetary arrival V. Though aerocapture offers
savings in terms of propellant mass, the aeroshell structure that
encloses the payload and the heat shield impose a mass penalty and
must be considered in mission concept studies. This section com-
pares the delivered mass to orbit for the atmosphere-bearing desti-
nations using three orbit insertion techniques: 1) purely propulsive
orbit insertion to the target orbit, 2) propulsive insertion to a large
elliptical orbit followed by aerobraking to the target orbit, and
3) aerocapture into the target orbit. For purely propulsive insertion
and propulsive insertion followed by aerobraking, the useful payload
mass fraction fp o, defined as the fraction of arrival mass (before
orbit insertion) that is inserted into orbit is [3]

fP,pmp =1- 1.12(1 —Cxp[—%]) @)

sng

where 1.12 is an assumed tankage factor to account for the structural
mass of the propulsion system, AV is the orbit insertion AV, I, is

the propulsion system specific impulse, and g, = 9.80665 m/s? is
the standard free-fall acceleration. The orbit insertion AV is com-
puted as

2u,

Tpe

AVo = ,|VE + = Ve )

where p,, is the standard gravitational parameter, r,. is the periapsis
radius of the target capture orbit, and V. is the orbital speed at
periapsis of the target capture orbit. The study uses an I, = 320 s
assuming a conventional bipropellant engine. For purely propulsive
insertion, V. is the periapsis speed of the target capture orbits
defined in Table 4 under the lift modulation heading. For aerobraking,
Ve is the periapsis speed of an intermediate capture orbit defined in
Table 6. The spacecraft will, over the course of several weeks or
months, make multiple aerobraking passes in the upper atmosphere
during each periapsis pass to gradually reduce the apoapsis to that of
the target capture orbits defined in Table 4. For aerobraking, the entire
mass delivered to the initial large orbit is assumed delivered to the
smaller target orbit after the aerobraking period.

In addition to TPS materials, the entry vehicle for aerocapture
includes aeroshell structure, guidance and navigation systems, and
other supporting equipment that is not considered useful payload
delivered to orbit. All such systems (excluding the TPS materials)
essential for entry vehicle function but not usable payload are lumped
into a single parameter called entry support system mass Mggs. The
total aerocapture vehicle entry mass is

Table 6 Initial capture orbits for
aerobraking

Planet or moon _ Periapsis X apoapsis altitude, km

Venus 400 x 60,000
Earth 400 x 60,000
Mars 400 x 60,000
Titan 1,700 x 300,000
Uranus 4,000 x 4,962,409*
Neptune 4,000 x 5,248,815

“Based on an assumed 120-day initial orbit.

Mo = Mgss + M1ps + Mp (10)

where M1ps is the TPS mass, and M p is the useful payload mass. The
usable payload mass fraction for the aerocapture vehicle fp ,. defined
as the fraction of arrival mass (before aerocapture) that is delivered to
orbit is [3]

Spac =1—fess — frps 1n

where fp,. = Mp/Mry,, entry support systems mass fraction
JEss = Mgss /Mo, and TPS mass fraction frps = Mrps/Mrotar-
The aerocapture payload mass fraction reported in this study assumes
an MSL-derived aeroshell with fggg = 0.23 [3], and it is only
applicable to lift modulation.Z Drag modulation is not considered
in the mass-benefit analysis in this study. The TPS mass fraction is
computed using Eq. (6), based on the heat load. For very high heat
loads in the range of 200 — 400 kJ/cm? expected at Uranus and
Neptune, the TPS mass fraction of 0.50-0.80 from Eq. (6) is likely
an overestimate because more recent studies using HEEET have
shown that the TPS mass fractions in the range of 0.05-0.20 are
feasible for aerocapture at Neptune even with substantially higher
heat loads than that for the inner planets [66].

It is noted that there are some limitations to the mass-benefit
analysis presented in this section. First, the TPS mass fraction is
estimated using a simple empirical relationship derived from histori-
cal data. Although this is likely a good estimate for Venus, Mars, and
Titan, its applicability to high-heat-load trajectories at Uranus and
Neptune may be limited. Second, different TPS materials such as
PICA and HEEET can result in significant differences in TPS mass
that are not accounted for in this analysis. PICA, for example, is much
more mass efficient than HEEET [66]. Third, mass of auxiliary
systems such as deployable antennae, aeroshell jettison mechanisms,
and propellant mass for post-aerocapture propulsive burns is not
considered. Although this study uses a constant entry support system
mass fraction, there may be additional structural mass required to
sustain the deceleration loads. Even if the aerocapture payload mass
fraction is lowered by 0.1 to accommodate a heavier structural mass,
the general conclusions still hold for the outer planets.

A. Venus

Figure 14a shows the comparison of payload mass fractions to a
400 x 400 km Venus orbit using the various orbit insertion tech-
niques. For V, in the range of 2—6 km/s, aerobraking delivers the
most mass and is the preferred orbit insertion technique. Purely
propulsive insertion to a 400 km circular orbit is prohibitive as seen
from the very low payload mass fractions. The harsh thermal envi-
ronment for Venus entry and the large heat loads penalize the aero-
capture mass fraction, while aerobraking keeps the orbitinsertion AV
the required propellant mass low. Aerobraking has been demon-
strated at Venus by the Magellan and Venus Express missions, and
it is planned for the proposed ESA EnVision orbiter and the Venus
orbiter mission proposed by the Indian Space Research Organization
[88,89]. Aerobraking is the most mass-efficient orbit insertion
method at Venus for large missions in the near future. For small
short-lived missions (less than a year) whose science requirements
demand a low-circular orbit, aerobraking may be infeasible because
of the associated time penalty to reach the circular orbit. In this case,
aerocapture offers a 100-200% increase in delivered mass compared
to purely propulsive insertion (for V, in the range of 2—-6 km/s) as
seen in Fig. 14a.

Another scenario of interest is the possibility of delivering small
satellites to Venus orbit from a spacecraft that uses Venus as a gravity
assist body on its way elsewhere in the solar system. Typically such
flyby trajectories have much higher V, compared to direct Earth—
Venus transfers. Aerocapture outperforms aerobraking for V , in the

""The payload mass fraction in this study refers to the useful spacecraft
mass (instruments, power, structure, etc.) excluding the propulsion or aero-
capture system mass. This is not to be confused with the science payload that
only includes the mass of the scientific instruments.
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Fig. 14 Payload mass fraction using various orbit insertion techniques.

range of 6—10 km/s, which is typical for spacecraft using Venus as a
gravity assist flyby body, and may be used to insert a secondary
payload into Venus orbit. For a flyby V, of 8 km/s, aerocapture
delivers 83% more mass, and for V, of 10 km/s, 194% more
mass compared to aerobraking. For missions that flyby Venus
with V, greater than 10 km/s, the peak heat rates exceed that of
existing TPS materials and aerocapture is likely infeasible as seen
in Fig. 6a.

B. Earth

Figure 14b shows the performance of the different techniques for
orbit insertion at Earth, and it is very similar to that for Venus
(Fig. 14a). Aerobraking outperforms aerocapture for arrival V in
the range of 0-5 km/s, which is the expected range for return

trajectories from the Moon and Mars. However, the repeated passage
of the spacecraft through the Van Allen radiation belts is a concern
during aerobraking and may place additional demands on the space-
craft in terms of shielding [25]. For crewed missions, both the time
penalty and the radiation dose make aerobraking infeasible, and
aerocapture is the preferred orbit insertion technique. In the range
of V, from 0 to 5 km/s, aerocapture delivers 100-200% more mass
to a 400 km circular orbit compared to purely propulsive insertion.
For sample return missions from the asteroid belt or elsewhere in the
solar system with much higher arrival V., aerocapture clearly out-
performs aerobraking. For a mission with arrival V of 8 km/s,
aerocapture delivers 73% more mass, and for an arrival V, of
10 km/s, 195% more mass to a 400 km circular orbit compared to
aerobraking.
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C. Mars

Figure 14c compares the delivered mass using the different tech-
niques for Mars missions. For low arrival V , in the range of 0—4 km/s,
aerobraking is the preferred orbit insertion technique if the time penalty
is acceptable. As is the case with Venus, aerocapture can enable orbit
insertion into a very-low circular orbitimmediately upon arrival, which
may be desirable for small satellite missions or CubeSat constellations.
The significant heritage associated with aerobraking makes it the
preferred orbit insertion technique at Mars for large missions in
the near future. For missions with arrival V in the range of 6—
10 km/s, aerocapture outperforms aerobraking. Aerocapture deliv-
ers 113% more mass to a 400 km circular orbit compared to
aerobraking for V of 6 km/s. Such high arrival V trajectories
may be of interest to crewed missions that seek to reduce the Earth—
Mars transfer time to a few months, or crewed missions that use
cycler trajectories. For trajectories with arrival V, of 7 km/s or
more, aerocapture is an enabling option as both aerobraking and
purely propulsive insertion deliver little useful payload at such
high arrival speeds.

D. Titan

Figure 14d compares the delivered mass using the different tech-
niques to 1700 x 1700 km Titan orbit. For V , in the range of 0-2 km/s
aerobraking outperforms aerocapture, but this is not of practical inter-
est as such low arrival speeds at Titan result in very large flight times.
When interplanetary trajectories with reasonable flight times are con-
sidered, the arrival V, falls in the range of 5-10 km/s. Aerocapture
outperforms aerobraking for all speeds in this range, and it is the
preferred orbit insertion method both due to the significant mass
benefitand the particularly less demanding requirements on the vehicle
as mentioned in Sec. IV.E. For V, of 6 km/s, aerocapture delivers
300% more mass compared to aerobraking, and for V, of 8 km/s the
percentage increase is nearly 1700%. For trajectories with arrival V o,
of 10 km/s or more, aerocapture can enable short-time-of-flight Titan
missions.

The flexibility in the range of arrival V, offered by aerocapture
opens up entirely new class of missions to Titan with flight times as
short as three years [22]. Titan’s benign aerothermal environment
keeps the TPS mass fraction low and delivers substantially more
payload to orbit compared to aerobraking or propulsive insertion. The
increased payload mass capacity could be leveraged to accommodate
multiple elements, such as orbiter, a lander, and one or more aerial
platforms, in a single launch vehicle, thus enabling an entirely new
class of missions for future Titan exploration.

E. Uranus

Figure 14e compares the delivered mass using the different tech-
niques to a 10-day Uranus orbit. For arrival V , up to about 10 km/s,
propulsive insertion can deliver a reasonable payload fraction
(=~ 0.4). For arrival V below 10 km/s, aerocapture is infeasible
due to insufficient TCW as shown in Fig. 12a. Note that the above
conclusion is valid only for lift modulation, and it does not apply to
drag modulation aerocapture. For trajectories with arrival V , greater
than 10 km/s, aerocapture clearly outperforms aerobraking because
the aerobraking delivered mass fraction falls off sharply with increas-
ing V. For an arrival Vg of 12 km/s, aerocapture delivers nearly
100% more mass compared to aerobraking. A caveat in this con-
clusion for V, of 12 km/s is that as seen in Fig. 12a, the required
L/D is in the range of 0.6-1.0, for which the structural and TPS
mass fractions used in the study do not apply to. For V of 16 km/s,
aerocapture delivers 646% more mass compared to propulsive
insertion and may be considered a strongly enhancing to enabling
technology. For V of 20 km/s or higher, propulsive insertion is
infeasible, and aerocapture is an enabling technology for orbit
insertion from such fast arrival trajectories for missions to Uranus.

As is the case with Titan, aerocapture opens up a class of fast
arrival V , interplanetary trajectories for Uranus missions with flight
times as low as five years. Trajectories with V of 20 km/s may
enable an Apollo-derived aeroshell with L /D = 0.40 to be used for
aerocapture at Uranus, and V , of 25 km/s may enable MSL-derived

aeroshells with L/D = 0.24 to be used as seen from Fig. 12a. The
mass savings offered by aerocapture can enable a more capable
spacecraft to be inserted into orbit within a substantially shorter flight
time than possible with propulsive insertion architectures, along with
additional elements such as entry probes and small satellites for a
future Uranus mission.

F. Neptune

Figure 14f compares the delivered mass using the different tech-
niques to a4000 x 400,000 km Neptune orbit, and it is similar to that
for Uranus (Fig. 14e). Propulsive insertion architectures can allow
trajectories with arrival V up to about 10 km/s, beyond which the
payload mass fraction falls below 0.40. Aerocapture is infeasible for
trajectories with V, up to about 10 km/s due to lack of sufficient
TCW as shown in Fig. 13a. As the V, increases beyond 10 km/s, the
aerobraking mass fraction falls off sharply and becomes prohibitively
small beyond 12 km/s. Aerocapture, on the other hand, becomes
feasible for V, of 12 km/s or more, and does reduce with increasing
Ve but much less sharply than that for aerobraking. For V of
12 km/s, aerocapture delivers 79% more mass compared to aero-
braking. The caveat mentioned in the case of Uranus, for the L/D
requirement of 0.6-0.8 with the V, of 12 km/s and the entry vehicle
mass fractions used not being applicable, also applies here. For V  of
16 km/s or higher, blunt-body aeroshells are viable and offer suffi-
cient TCW. For V of 16 km/s, aerocapture delivers 424% more
mass compared to aerobraking, and it is an enabling technology for
Neptune mission as the propulsive and aerobraking payload mass
fractions are prohibitively low. For V of 20 km/s or higher, aero-
capture is the only feasible orbit insertion technique for missions to
Neptune.

As seen in the case of Titan and Uranus, high-V , trajectories using
aerocapture can enable flight times to be as short as 7 years for missions
to Neptune. In addition, the high V trajectories (15-20 km/s) can
lower the vehicle L /D requirement to about 0.3-0.4, which is within
the capability of blunt-body aeroshells. Additional study is recom-
mended to characterize the aerothermodynamic environment encoun-
tered by aerocapture vehicles at such high entry speeds, and to validate
the TPS mass fraction estimates used in this study. In addition to
the savings in flight time compared to propulsive architectures, the
substantial mass benefit offered by aerocapture will enable a well-
instrumented spacecraft with additional elements such as a Triton
lander to be accommodated in a future mission to the Neptune system.

VI. Comparative Studies

Figure 15 shows the range of typical entry speeds and the aero-
capture corridor for lift and drag modulation control techniques at
various destinations. Table 7 shows the range of interplanetary arrival
V , considered in the analysis for the various destinations. Venus and
Earth show relatively similar entry conditions due to their similarity
in size and gravity. At Mars, the entry speeds are smaller than that at
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modulation and #,/f; = 7 for drag modulation.
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Table 7 Range of arrival V, considered for various targets

Planet or Range of V,, km/s, used in V., km/s, used in
moon Figs. 15 and 18 Figs. 16,17, and 19
Venus 0-6 3.0
Earth 0-6 3.0
Mars 0-6 3.0
Titan 5-10 7.5
Jupiter 5-10 7.5
Saturn 5-10 7.5
Uranus 1022 16
Neptune 10-22 16

Earth or Venus. Titan with its low gravity and extended atmosphere
results in the steepest entry of any planetary destination for aerocap-
ture. Aerocapture vehicles at Uranus and Neptune encounter planet
relative entry speeds in the range of 20-30 km/s.

Jupiter and Saturn are not included in Fig. 15 because the entry
speeds are much higher than encountered at the other planets.
Figure 16 shows the aerocapture theoretical corridor width at various
destinations for lift modulation (L/D = 0.30) and drag modulation
(B2/P1 = T). The target capture orbits are the same as listed in
Table 4. The arrival V , is the average of the minimum and maximum
values listed in Table 7. Titan offers the largest aerocapture corridor in
the solar system for both lift and drag modulation techniques, fol-
lowed by Mars, Earth, and Venus. Uranus and Neptune have sub-
stantially smaller corridor widths, which is attributed to the highly
elliptical target orbits considered (primarily driven by the need for
moon flybys) in contrast to the low-circular orbits considered at the
inner planets and Titan.

Figure 17 shows the peak deceleration during the maneuver at
various targets for typical entry conditions. The arrival V, is the
average of the minimum and maximum values listed in Table 7. For
most destinations, the peak g-load is below 6g for lift modulation and
below 4 ¢ for drag modulation. The peak deceleration does not show a
strong dependence on the destination. Figure 18 shows a relative
comparison of the stagnation point heat rate and total heat load at the
various targets and shows a clear destination dependence. Mars and
Titan present the most benign targets with peak heat rates less than
200 W/cm? and heat load less than 50 kJ/cm?, making them ideal
targets for an initial aerocapture mission with minimal requirements
on the TPS materials. Aerocapture at Venus and Earth presents heat
rates in the range of several hundred watts per square centimeter,
whereas Uranus and Neptune result in heat rates in the range of
several thousand watts per square centimeter and heat loads in the
range of hundreds of kilojoules per square centimeter. While the peak
heat rate at Uranus and Neptune is within the capability of TPS
materials such as HEEET, the large heat loads may result in sub-
stantial TPS mass fraction and needs additional study. Jupiter
presents an extreme case with heat rates in the range of tens of
thousands of watts per square centimeter and thousands of kilojoules
per square centimeter total heat load well beyond the capability of any
existing TPS materials.

Stagnation-point heat rate and stagnation pressure, important para-
meters for TPS material qualification as test facility constraints, often
limit the combination of the two parameters that can be achieved.
Figure 19 shows the variation of stagnation-point heat rate and stag-
nation pressure for lift modulation aerocapture (L/D = 0.30) trajec-
tories at various targets. Note that these results in Fig. 19 are for a
single interplanetary arrival V . Titan and Mars offer the most benign
conditions for aerocapture requiring TPS materials to be qualified at
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100-200W /cm? and 0.1-0.2 atm. Aerocapture at Venus requires the
TPS material to accommodate several hundred watts per square cen-
timeter at about 0.35 atm stagnation pressure. Aerocapture at Uranus
and Neptune requires TPS materials to be qualified at a few thousand
watts per square centimeter.

VII. Aerocapture Mission Analysis Tool (AMAT)

The lack of architectural tools and methods for high-level aerocap-
ture mission design was identified by the NASA Ice Giants Pre-
Decadal Study in 2017 [30] and Spilker et al. in 2018 [7]. Researchers
at Purdue University have developed an open-source Python software
package, the Aerocapture Mission Analysis Tool (AMAT), to fill this
gap [45]. AMAT is designed to provide rapid mission analysis and
trade study capabilities for aerocapture mission studies. AMAT sup-
ports aerocapture and entry, descent, and landing (EDL) mission
analysis for all atmosphere-bearing destinations. AMAT can be
accessed from the project homepage& and provides numerous exam-
plesi along with extensive documentation I

The high-level workflow for using AMAT in rapid mission studies is
shown in Fig. 20. The mission designer defines a set of key vehicle
parameters such as the ballistic coefficient along with acceptable
constraint values such as TCW and peak heat rate. Based on these
vehicle parameters, AMAT can be used to create aerocapture feasibility
charts and determine if there is a feasible set of vehicle L /D (or 5, /)

“https://github.com/athulpg007/AMAT.
$https://github.com/athulpg007/AM AT /tree/master/examples.

Mhttps://amat.readthedocs.io.

and arrival V. The mission designer also defines a baseline launch
vehicle and high-level constraints such as launch mass and time of
flight for the interplanetary trajectory. If there is a feasible set of
trajectories that satisfy both the vehicle design and interplanetary
trajectory constraints, a baseline vehicle design and trajectory is se-
lected. Monte Carlo analysis is used to quantify orbit targeting accu-
racy and other parameters such as the peak heat rate in the presence of
navigation and atmospheric uncertainties. If the vehicle performance is
acceptable, the selected baseline design may be used as a starting point
for higher-fidelity subsystem-level design and analysis. AMAT sup-
ports both lift and drag modulation control techniques and can be used
for preliminary EDL analysis of atmospheric probes, landers, balloons,
and rovers at any atmosphere-bearing destination.

VIII. Technology Readiness and Recommendations

Existing blunt-body aeroshells (L/D < 0.35) and TPS materials
such as PICA are sufficient for aerocapture at Mars and Titan. In fact,
an MSL-derived aeroshell (L/D = 0.24) could perform aerocapture
at Mars and Titan with no new technology developments other than
that related to spacecraft packaging, deployable antennae, and aero-
shell jettison after the aerocapture maneuver. Such a system could also
potentially be used at Venus, with some modifications to accommodate
the higher heat rates and heat loads. Drag modulation aerocapture is
also viable at Mars, Venus, and Titan with modest ballistic coefficient
ratios (f,/p, <7), and proven carbon cloth or PICA TPS. Drag
modulation aerocapture has the potential to enable a new paradigm
in the exploration of Mars and Venus through small satellite constella-
tions at these destinations within the next decade. Aerocapture at Earth
is viable using existing aeroshells such as Orion, and it is a viable
option for sample return and crewed missions returning from the Moon
or Mars. Aerocapture at Uranus and Neptune has been shown to be
possible using blunt-body aeroshells with L/D of 0.30-0.40 with
improvements in interplanetary navigation and vehicle guidance tech-
niques [5,29,31]. HEEET has already been tested under conditions
relevant for aerocapture and is ready for mission infusion [90]. More
detailed flight-system studies are likely required to establish a baseline
design reference mission, and estimate the TPS mass fraction with
better accuracy, which is currently not well known for Uranus and
Neptune. With some additional studies to quantify the aerothermal
environment and modest technological developments such as tailoring
HEEET for a particular mission profile, aerocapture at Uranus and
Neptune could be viable for a Flagship-class mission in the next
decade. Aerocapture at Jupiter and Saturn is not viable using blunt-
body aeroshells, well beyond the capability of existing TPS materials.

The present study recommends NASA support efforts to demon-
strate drag modulation aerocapture at Earth using the small satellite
mission concept proposed by Werner and Braun [36] leveraging a
low-cost launch as secondary payload on a GTO mission. Dynamics
of drag skirt separation and the risk of recontact of the skirt have been
studied using CFD and ballistic range tests by Rollock and Braun [91]
and by McClary and Putnam [92]. Austin et al. [1] have developed a
reference drag modulation aerocapture flight system design using
the drag skirt for use at Mars and Venus. The study recommends
continued NASA support of these efforts to realize small, low-cost
aerocapture missions potentially as secondary payloads on future
Mars and Venus science missions. A low-cost demonstration mission
at Earth or Mars will establish flight heritage for aerocapture in the
near-term and lower the risk for larger science missions.

The study recommends continued development of the HEEET
TPS particularly tailoring the material layup for the aerothermal
conditions encountered at Uranus and Neptune, and more detailed
aerothermodynamic studies to estimate the TPS mass fraction for
aerocapture at the outer planets. Probe delivery along with aerocap-
ture at the outer planets is a topic of current research [93], and
additional studies are required to establish a baseline aerocapture
mission architecture with a probe delivery at Uranus and Neptune
for a future Flagship-class mission. Other technologies relevant to
outer planet aerocapture include autonomous spacecraft navigation,
improved flight control techniques and guidance schemes, spacecraft
autonomy (automatically determine orbit and perform corrective
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Fig. 20 AMAT rapid mission design workflow.

maneuvers after aerocapture without ground intervention), and
spacecraft packaging inside the aeroshell. The study recommends
continued NASA support for GRAM model development, especially
for Uranus and Neptune for which our knowledge is most lacking.
Opportunistic stellar occultations and ground-based observations can
help improve our understanding of these atmospheres [7,94]. Further
development of AMAT and other aerocapture design tools is required
to provide higher-fidelity aeroshell mass estimates, particularly for
outer planet missions.

IX. Summary

The present study performed a quantitative and comparative
assessment of the feasibility of aerocapture at all atmosphere-bearing
solar system destinations. Aerocapture feasibility charts are used to
concisely present the various constraints arising from corridor width,
deceleration, and heating constraints for both lift and drag modula-
tion control techniques. Results indicate that existing heritage blunt-
body aeroshells (L/D < 0.30) and flight-proven TPS materials are
sufficient for lift modulation aerocapture at Venus, Earth, Mars, and
Titan. Drag modulation aerocapture at these destinations is also
viable using modest ballistic coefficient ratios (3,/8; < 7), making
them an attractive choice for inserting small satellites into orbit.
Aerocapture at Uranus and Neptune is viable with blunt-body aero-
shells (L /D of 0.30-0.40) with certain high arrival V , interplanetary
trajectories and improved guidance schemes. The mass benefit
offered by lift modulation aerocapture is compared against purely
propulsive insertion and aerobraking at the various planetary desti-
nations. For Venus and Mars, aerobraking outperforms aerocapture
for low arrival V, (<5 km/s) and is the preferred orbit insertion
method. For interplanetary trajectories with higher arrival V , aero-
capture delivers 100-200% more mass to Venus and 100-400% more
mass to Mars. For Titan, aerocapture can deliver more than 300%
more mass along with lower interplanetary flight times. At Uranus
and Neptune, aerocapture can deliver as much as 600 and 400% more
mass, respectively, and shorten flight times by 5 and 7 years, respec-
tively. Comparing the aerothermal conditions encountered during

aerocapture, Mars and Titan offer the most benign entry environ-
ments, whereas Jupiter and Saturn present the most extreme con-
ditions. Aerocapture at Jupiter is not viable in the near-term due to the
extreme aerothermal entry conditions at these planets. A new open-
source software, the Aerocapture Mission Analysis Tool, has been
developed to aid rapid conceptual design of aerocapture missions
considering both interplanetary trajectory and vehicle design aspects.
The study reviewed the technology readiness of aerocapture for
various destinations and provides recommendations for flight experi-
ments and technology developments.

X. Conclusions

Aerocapture has been shown to be feasible at Mars, Titan, and
Venus with existing vehicle designs for both lift modulation and drag
modulation control techniques and flight-proven TPS materials.
Aerocapture at Uranus and Neptune is shown to be viable with lifting
vehicles with L/D of 0.30-0.40 with the use of high arrival V
interplanetary trajectories, improvements in interplanetary naviga-
tion, and vehicle guidance schemes. Although the aerothermal loads
at Uranus and Neptune are substantially larger than that at Mars or
Titan, it is within the limits of HEEET TPS that has been laboratory-
tested under comparable conditions. Additional studies are required
to evaluate the feasibility of drag modulation systems at Uranus and
Neptune considering the more demanding aerothermal conditions at
these destinations. Aerocapture at Jupiter and Saturn is not feasible
using existing vehicle designs and will require significant advances
over existing TPS materials. Aerocapture is shown to provide
enhancing capability for missions to Venus (100-200% more deliv-
ered mass) and Mars (100-400%) with high arrival V , interplanetary
trajectories. For missions to Titan, aerocapture is strongly enhancing
(300-1700% more mass) for interplanetary trajectories with arrival
Vo from 6 to 8 km/s and is an enabling technology for higher arrival
V trajectories. For missions to Uranus, aerocapture is strongly
enhancing (100-600%) for V, from 12 to 16 km/s and enabling
for arrival V , beyond 16 km/s. For missions to Neptune, aerocapture
delivers 80-400% more mass for interplanetary trajectories with V o,
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from 12 to 16 km/s and is an enabling technology for higher arrival
V. High-arrival-V  trajectories (V,, > 16 km/s) can potentially
allow interplanetary flight times to be as low as 6 and 8 years to
Uranus and Neptune, respectively. A low-cost technology demon-
stration mission at Earth or Mars can establish flight heritage for
aerocapture and lower the risk posture for larger science missions. As
pointed out by Spilker et al. [7], the benefits offered by aerocapture
for future missions could be compared to the vastly increased capabil-
ity for exploration offered by the gravity-assist technique in the early
days of interplanetary flight. Once proven, aerocapture could be akey
strategy enabling large constellations of small satellites around Mars
and Venus and delivering sizeable orbiters within reasonable flight
times to the outer solar system.

Appendix: Additional Aerocapture Feasibility Charts
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Supplemental Data

All the figures in the paper were created using AMAT. Jupyter
Notebooks to perform the analysis in the paper are available online
at the AMAT documentation website (https://amat.readthedocs.io/
en/master/jsr-notebooks.html) and can be downloaded from the
AMAT GitHub repository (https://github.com/athulpg007/AMAT/
tree/master/examples/jsr-notebooks).
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