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Large navigation and atmospheric uncertainties have historically driven the need for a mid-lift-to-drag-ratio

(mid-L∕D) vehicle with �L∕D�max of 0.6–0.8 for aerocapture atNeptune.Most planetary entry vehicles flown to date

are low-L∕Dblunt-body aeroshellswithL∕D less than0.4.The lackof a heritagemid-L∕D aeroshell presents amajor

hurdle for Neptune aerocapture, as the development of a new entry vehicle incurs significant time and investment.

Techniques that may allow Neptune aerocapture to be feasible using heritage low-L∕D blunt-body aeroshells are

investigated that obviate the need for mid-L∕D aeroshells. A navigation study is performed to quantify the delivery

errors, and a new guidance algorithm with onboard density estimation is developed to accommodate large

atmospheric uncertainties. Monte Carlo simulation results indicate that the reduced navigation uncertainty and

improved guidance scheme enable a blunt-body aeroshell with L∕D � 0.3–0.4 to perform aerocapture at Neptune.

The expected heat rate is within the capabilities of existing thermal protection system materials.

I. Introduction

A EROCAPTURE is a maneuver in which a spacecraft uses

aerodynamic drag to decelerate and perform orbit insertion.

Neptune’s great heliocentric distance and the need to achieve reason-

able flight time lead to high arrival V∞ and large orbit insertion ΔV.
Propulsive insertion incurs significant mass penalty due to the large

ΔV, where aerocapture is a promising alternative. Aerocapture at

Neptune has been shown to substantially increase delivered mass

and allow reduction in flight time compared with propulsive insertion

[1–3]. Despite the potential benefits, aerocapture at Neptune presents

significant challenges related to vehicle design and thermal protection

system (TPS) materials. The large navigation and atmospheric uncer-

tainties drive the need for a vehicle with sufficient control authority to

perform aerocapture without the spacecraft risking escape or under-

shooting the target capture orbit [4].

Several mission concepts and technology demonstration flights

have proposed the use of aerocapture, but it has never been flown

[5–9]. Hall et al. [10] showed that aerocapture could enhance

missions to Venus, Mars, Titan, and Uranus and enable some

missions to Jupiter, Saturn, and Neptune. Heritage low-lift-to-drag-

ratio (L∕D ≤ 0.4) blunt-body aeroshells and existing TPS materials

are sufficient for aerocapture at Venus, Mars, and Titan [4,11–14].

Aerocapture studies have historically used a mid-lift-to-drag-ratio

�mid-L∕D� vehicle with L∕D of 0.6–0.8 to accommodate the large
navigation and atmospheric uncertainties at Uranus and Neptune
[15–19]. Aerocapture at Jupiter and Saturn is considered a long-term
goal due to the extreme aerothermal conditions during the atmos-
pheric pass [4].
Until the early 2000s most aerocapture studies address feasibility

at Earth and Mars, though some generic aerocapture studies evaluate
its applicability at Uranus and Neptune [20,21]. Detailed study of
aerocapture at Neptune began only in the early 2000s due to a
multicenter NASA effort funded by the In-Space Technology Pro-
gram [11,22–28]. The study concluded that aerocapture at Neptune is
feasible using a vehiclewithL∕D of 0.6–0.8 and can deliver 1.4 times
moremass to orbit comparedwith propulsive orbit insertion. In 2016,
Spilker et al. [4] performed a study initiated by the NASA Planetary
Science Division to assess the readiness of aerocapture at all plan-
etary destinations. The study concluded that aerocapture at Uranus
and Neptune call for at least an additional study to assess the need for
mid-L∕D vehicles that require significant development and testing
before use on planetarymissions. The study recommends quantifying
delivery errors at Neptune, investigation of improved flight control
techniques, and othermission concepts such as pathfinder probes that
may reduce the vehicle L∕D requirement.
In 2016, Saikia et al. [19] performed an assessment of aerocapture

at Uranus and Neptune in support of the NASA Ice Giants Pre-
Decadal Survey Mission Study [29]. Saikia et al. demonstrated the
importance of coupling between interplanetary arrival conditions and
aerocapture feasibility at Uranus and Neptune. The study concluded
that mid-L∕D vehicles (L∕D of 0.6–0.8) are required at Uranus and
Neptune to accommodate the uncertainties, using uncertainty esti-
mates available from Lockwood et al. [1]. Development and testing
of a new mid-L∕D vehicle requires substantial funding commitment
and at least a decade’s time. This merits investigation of approaches
that obviate the need for mid-L∕D vehicles. The study recommended
several directions of future work:
1) Studies should investigate the feasibility of high-energy fast

arrival interplanetary trajectories that allow formore control authority
comparedwith conventional trajectories used for propulsive insertion
architectures.
2) Studies need to be performed to better quantify the relevant

uncertainties such as delivery errors from approach navigation and
atmospheric uncertainties.
3) Approaches such as guidance schemes with onboard density

estimation, hybrid aerocapture-propulsive techniques, and a path-
finder entry probe should be investigated.
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One or a combination of these techniques may allow the use of a
heritage low-L∕D vehicle for Neptune aerocapture, thus obviating
the need for a newmid-L∕D vehicle, and leads to the objectives of the
present study:
1) The first objective of this study is to assess the feasibility of

Neptune aerocapture using heritage blunt-body aeroshells with L∕D
of 0.4 or less.
2) The second objective is to provide statistical metrics of aero-

capture vehicle performance using a representative interplanetary
trajectory incorporating the state-of-the-art knowledge in navigation,
atmospheric, and aerodynamic uncertainties.
In 2019, the NASA Outer Planets Analysis Group reiterated the

potential and benefits offered by aerocapture for ice giant missions
[30]. When combined with aerocapture, the Space Launch System
(SLS)would enable trip times toUranus andNeptune to be as short as
5 and 7 years, respectively. Aerocapture offers substantial savings in
flight time comparedwith a nominal 12 years toUranus andmore than
13 years to Neptune compared with propulsive insertion architec-
tures. The Planetary Science Decadal Survey recommends a Uranus
orbiter with probe as the third-highest priority Flagship-class mission
in the next decade, afterMars Sample Return and Europa orbiter [31].
Between Uranus and Neptune, more difficult requirements of achiev-
ingorbit atNeptune appear to be the reason forUranus beingpreferred
over Neptune [31]. There is significant scientific interest in Neptune
and Triton, as evident in the evaluation of mission concepts for both
Uranus and Neptune in the NASA Ice Giants Pre-Decadal Mission
Study [29] and the ESA Ice Giants Study [32]. Aerocapture strongly
enhances and in some cases enablesmissions to either of the ice giants
without being constrained by a substantial propulsive insertion mass
penalty due to the large orbit insertion ΔV [2–4]. The present study
aims to consolidate the state-of-the-art knowledge of aerocapture
mission design to allow scientists, mission designers, and program
managers to assess its readiness for a future ice giant mission.

II. Aerocapture Trade Space and Feasibility Analysis

Previous Neptune aerocapture studies have often been restricted to
analysis of a single-point designwith limited exploration of the under-
lying trade space. Multiple aerocapture studies have used a limited
number of candidate interplanetary trajectories and vehicle designs to
perform aerocapture systems analysis, and quantify the performance
benefits compared with propulsive insertion [1,10,11,13,33]. The
interplanetary trajectories are often optimized for propulsive insertion,
and do not take into account the often differing requirements for
aerocapture. In addition to the mass benefit, aerocapture can allow
significantly shorter time of flights for outer solar system missions
compared with propulsive insertion. Hughes [34] has compiled a
catalog of short-time-of-flight, high-arrival V∞ trajectories to Uranus
and Neptune, though their aerocapture feasibility aspects are yet to be

investigated. Such high V∞ trajectories greatly widen the interplan-
etary trajectory options for missions to Uranus and Neptune.
To accommodate for the large uncertainties at Uranus andNeptune

the aerocapture vehicle must have sufficiently large L∕D. All inter-
planetary entrymissions flown to date have used ballistic or low-L∕D
vehicles (L∕D ≤ 0.4) and are considered high-heritage entry sys-
tems. Studies investigating aerocapture at Neptune have used a mid-
L∕D vehicle (L∕D of 0.6–0.8), assuming that such a vehicle would
be available. The nonavailability of a mid-L∕D vehicle presents a
major hurdle for aerocapture at the ice giant planets. The present
study introduces an approach to determine the required vehicle L∕D
considering a broad set of interplanetary trajectories and vehicle
designs. In addition to the previously mentioned issues for aerocap-
ture systems, constraints arising from launch vehicle performance,
entry deceleration loads, and aerodynamic heating are considered.
The present work uses the “aerocapture feasibility chart” for rapid
trade space exploration unifying interplanetary trajectory and vehicle
design aspects of the problem.
Figure 1 shows the aerocapture feasibility chart for Neptune. The

left-side chart shows the arrivalV∞, time of flight, and launchC3 for a
comprehensive set of interplanetary trajectories from Earth to Nep-
tune and shows the tradeoff between these parameters for mission
design. The trajectory data come from two sources: the NASA Ice
Giants Pre-Decadal Mission Study [29], and a set of high V∞ trajec-
tories made available to the authors by the Jet Propulsion Laboratory.
The trajectories include both relatively slow arrival (defined by
V∞ ≤ 15 km∕s) trajectories used for propulsive insertion and fast
arrival (15 < V∞ ≤ 25 km∕s) trajectories that are feasible only with
orbit insertion using aerocapture. To perform aerocapture the vehicle
must enter the atmosphere within a narrow range of entry flight-path
angles (EFPAs) called the “theoretical corridor.” Entering too steep
results in the vehicle undershooting the target apoapsis and possibly
encountering aerodynamic heating beyond the TPS limits. Entering
too shallow results in the vehicle not getting captured. The right-side
chart in Fig. 1 shows contours of the theoretical corridor width
(TCW), peak deceleration, peak stagnation-point heat rate _q, and
total heat load as a function of the arrival V∞ and vehicle L∕D. A
nominal deceleration limit of 30g is imposed. For the peak heat rate

constraint, 8000 W∕cm2 is used based on Heatshield for Extreme
Entry Environment Technology (HEEET) test results [35], and a total

heat load constraint of 600 kJ∕cm2 is used, which is about twice the
nominal stagnation point heat load for the Galileo entry probe [36].
The green-shaded area shows the feasible combinations of

�L∕D;V∞� for a TCW requirement of 2.0 deg [1], and deceleration
and heating constraints bounding the feasible region. The bottom
corner of the green-shaded region indicates the smallest L∕D for
which aerocapture is feasible if the required TCW � 2.0 deg. To
minimize the requiredL∕D, high arrivalV∞ trajectories are desired as

Fig. 1 Neptune aerocapture feasibility chart. The green region indicates the feasible design space forTCWrequirement of 2.0 deg, forwhich the required
L∕D is 0.6–1.0 [1].
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the higher entry speed allows a larger theoretical corridor compared
with slow arrival trajectories. The fast arrival trajectories using aero-
capture also allow significantly shorter time of flight to Neptune
(<8 years) as compared with the conventional slow arrival trajecto-
ries using propulsive insertion (≈13 years). Figure 1 shows that
propulsive insertion and aerocapture require a different class of
interplanetary trajectories. Propulsive insertion requires arrival V∞
to be small enough such that the propulsion system can handle the
capture burn. Short-time-of-flight trajectories typically have high
arrival V∞ and result in large propellant mass requirement, which
in turn severely limits the useful delivered mass. On the other hand,
aerocapture requires a high arrival V∞ to minimize the L∕D require-
ment. Interplanetary trajectories with arrival V∞ less than a critical
value (defined by vehicle L∕D and the TCW requirement in Fig. 1)
are infeasible for aerocapture. The range of feasible arrival V∞ for
aerocapture is bounded on the upper end by peak deceleration and
TPS material and total heat load constraints.
The TCW requirement is computed based on the navigation,

atmospheric, and aerodynamic uncertainties to be accommodated
by the aerocapture vehicle, and it dictates the required L∕D. The
contributions of various uncertainties as quantified by Lockwood
et al. [1] and the root-sum-squared required corridor width (RCW)
are shown in Fig. 2. To ensure that the aerocapture vehicle achieves
the desired atmospheric exit conditions, the TCW should be greater
than the estimated RCW with adequate safety margin. Failure to
satisfy this criterion implies the vehicle risks crashing into the planet
or not getting captured.Based on the estimatedRCWinFig. 2, a TCW
of at least 2.0 deg is required and the requiredL∕D falls in the range of
0.6–1.0 as seen in Fig. 1. If the uncertainties are reduced (e.g., by
reducing the delivery error) such that theTCWrequirement is reduced
to 1.25 deg, then the yellow-shaded region in Fig. 1 becomes feasible
in addition to the green region. The reduced TCW requirement lowers
the L∕D requirement. Figure 1 shows that if the TCW requirement
is lowered to 1.25 deg, fast arrival trajectories with V∞ ≥ 20 km∕s
allow the vehicleL∕D requirement to be lowered to 0.4. The selected
baseline design (L∕D � 0.4, V∞ � 20 km∕s) is indicated by the
black circle. Further reduction in L∕D is possible if the uncertainties
are reduced even further, and TCW requirement is reduced to
0.75 deg, which may allow a Mars Science Laboratory (MSL)–
derived aeroshell with L∕D � 0.24 to be used.

III. Aerocapture Mission Design

A reference interplanetary trajectory is selected to allow a future
Cassini-style exploration of the Neptune system. A comprehensive
set of trajectories considering awide range of arrivalV∞ at Neptune is
used to assess the broad interplanetary trajectory trade space. For the
purpose of this study, amaximumallowable time of flight of 8 years is

considered (comparedwith the 13-year baseline used in the IceGiants
Pre-Decadal Study [29]). The minimum delivered mass requirement
is 2000 kg to Neptune orbit, and SLS Block 1B is the baseline launch
vehicle. Based on the allowable time of flight, deliveredmass require-
ment at Neptune, and the available launch vehicle performance, a set
of feasible candidate trajectories is considered. The study assumes the
use of anApollo-like blunt-body aerocapture vehiclewith a totalmass
of approximately 5000 kg, with an additional 1000 kg allotment for a
cruise stage jettisoned before the maneuver. The study assumes that
40% of the arrival mass (i.e., before aerocapture, which includes
aeroshell structure, TPS, etc.) is delivered to orbit [10]. This results
in about 2000 kg delivered to Neptune orbit, comparable to the dry
mass of Cassini spacecraft at Saturn. Trajectories withC3 low enough
to satisfy the deliveredmass requirement and alsomeet the flight time
constraint are selected. For the feasible set of interplanetary trajecto-
ries the minimum required vehicle L∕D can be computed from the
right-side chart in Fig. 1 based on their arrival V∞. If heritage blunt-
body aeroshells are used, the L∕D requirement must not exceed 0.4.
The chart also demarcates constraints arising from deceleration loads,
heat rate, and total heat load. Interplanetary trajectories that provide
sufficient TCWand do not violate the peak deceleration, and aerody-
namic heating constraints are feasible options. From the set of feasible
trajectories, one thatmaximizes deliveredmass is a desired candidate.
Alternatively, the mission designer may use a performance index
based on a combination of time of flight and delivered mass.
Preliminary results indicate that a trajectory launching in February

2031, with a Jupiter flyby in June 2032, and arriving at Neptune in
January 2039 is a promising candidate. The flight time is 7.87 years
and the launchC3 is 111 km2∕s2. The launch capability of SLSBlock
1B with kick stage is 6250 kg at the desired C3 [29]. Trajectories to
Neptune with flight times less than 13 years are infeasible with
propulsive insertion [29,37], and hence the use of aerocapture with
SLS allows a 5-year reduction in flight time. The high-energy tra-
jectory with a fast arrival V∞ of 20 km∕s allows the use of a heritage
blunt-body aeroshell withL∕D � 0.4 if the TCWrequirement can be
lowered to about 1.25 deg as seen in Fig. 1. The expected peak heat
rate is within the current tested capability of HEEET TPS [35]. The
study emphasizes that these are preliminary estimates using engineer-
ing correlations for the convective and radiative heating rates [38].
The selected reference trajectory is used for analysis of the approach
navigation errors and aerocapture performance analysis.
Upon arrival near the Neptune sphere of influence, the spacecraft

targets the aim point on the B-plane to achieve the desired EFPA at
atmospheric interface and the target orbit inclination [39]. Radio-
metric and optical navigation is used to guide the spacecraft to achieve
the desired trajectory. Trajectory correction maneuvers (TCMs) are
performed to reduce targeting errors as the spacecraft approaches the
Neptune system. On exit from the atmosphere after aerocapture, the
spacecraft coasts to an apoapsis of 400,000 km, and following a
propulsive periapsis raise maneuver, it establishes the science orbit
of 4000 km × 400;000 km. The target apoapsis altitude is chosen to
be close to Triton’s circular orbital radius. Two candidate inclinations
for the science orbit to allow Triton flybys are 1) 157 deg retrograde
with respect to Neptune, and 2) 23 deg prograde with respect to
Neptune, which results in higher Triton encounter speeds compared
with the prograde case. The retrograde entry results in higher planet-
relative entry speeds and hence higher peak heat rate and heat load
compared with the prograde entry.
Errors in the B-plane targeting translate to errors in EFPA at the

atmospheric entry interface. Knowledge of the B-plane targeting
uncertainty is critical to assessing aerocapture mission feasibility
using low-L∕D aeroshells. If the delivery error is beyond what the
vehicle control authority can accommodate, the vehicle guidance
control variable is saturated and the guidance algorithm is unable
to achieve the desired capture orbit. Low-L∕D blunt-body aeroshells
offer less control authority than mid-L∕D aeroshells, and can only
accommodate smaller EFPA uncertainties compared with mid-L∕D
aeroshells. Accurate estimation of the navigation uncertainties along
with atmospheric and other uncertainties is key to determining if
blunt-body aeroshells offer sufficient control authority for Neptune
aerocapture.

Fig. 2 Contribution of various uncertainties and root-sum-squared

required corridor width for Neptune aerocapture as estimated by
Lockwood et al. [1].
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Delivery navigation error from spacecraft approach atNeptunewas
last quantified in 2004 by Lockwood et al. [1], and it is the dominant
uncertainty component as seen in Fig. 2. Improvements in navigation
techniques (higher-performance camera, refined ephemerides, etc.)
could reduce the navigation uncertainty component and hence lower
the vehicle L∕D requirement. Atmospheric uncertainties at Neptune
have been modeled in the Neptune Global Reference Atmospheric
Model (Neptune-GRAM), but no improvements are available over
the data used by Lockwood et al. [1]. Spilker et al. [4] recommend
performing opportunistic stellar occultations of Uranus and Neptune
to improve the atmospheric models, but they also note that the
technique may provide information only at high altitudes and that
extrapolating to altitudes relevant to aerocapture carries greater
uncertainties. A dedicated research effort using Voyager data com-
bined with new ground-based observations andmodeling efforts may
reduce the atmospheric uncertainties at altitudes relevant to aerocap-
ture. Aerodynamic uncertainties have been quantified for a mid-L∕D
vehicle at Neptune during the 2004 systems analysis study [1], but no
estimates are available for a low-L∕D vehicle. A refined estimate of
the delivery error is presented, along with a discussion of the current
state of atmospheric and aerodynamic uncertainties.
The target orbit size and inclination are important parameters

for both aerocapture and the subsequent tour of the Neptune system.
The present study assumes a target capture orbit in Triton’s orbital
plane with apoapsis altitude nearly equal to Triton’s orbital radius
(400,000 km) and periapsis altitude around 4000 km. The basis of
the assumption is that the ability to perform close targeted flybys
of Triton will be a driver for a future Neptune mission. However,
both larger and smaller capture orbits and other inclinations may be
considered. For example, a highly elliptical orbit (apoapsis greater
than about 1 million km) may be suitable for certain observations,
whereas close-in circular orbits may be ideal for magnetic field or
gravity science. Because highly elliptical orbits are prone to escape,
the recommended option is to first aerocapture to a 400,000 km or
lower apoapsis altitude orbit and then transfer to a higher orbit. Low
circular orbits offer more corridor width and hence reduce the vehicle
control requirement. However, low circular orbits also imply a short
coast time to the first apoapsis where the periapsis raise maneuver
must be performed. Previous studies using propulsive insertion have
considered a retrograde target orbit to achieve low flyby speeds at
Triton [29]. However, for aerocapture the retrograde entry heating
rates are about five times greater compared with prograde entry as
will be shown later in Sec. VIII. Hence from an aerothermal perspec-
tive a prograde capture orbit is favorable if the high flyby speeds do
not compromise Triton science objectives. The mission designer
must take into account all of the above tradeoffs and their implica-
tions of the target orbit on aerocapture feasibility, performance, and
overall mission cost and complexity.

IV. Uncertainty Quantification

The aerocapture vehicle should have sufficient control authority
to compensate for delivery error from approach navigation, atmos-
pheric density uncertainties, and aerodynamic uncertainties. Quanti-
fication of these uncertainties is essential to evaluate the required
vehicle L∕D and is discussed in more detail in the following
subsections.

A. Navigation Uncertainty

For the reference interplanetary trajectory, standard navigation
covariance analysis is used to quantify the EFPA uncertainty at atmos-
pheric entry interface (defined at 1000 km above the 1 bar pressure
level). In this process, tracking datameasurements are simulated along
the reference trajectory and input into a linearized least-squares filter
to estimate the spacecraft orbit and other parameters; the filter also
produces a covariance matrix containing the uncertainties of the
estimated parameters. Details of the navigation covariance analysis
process are beyond the scope of this paper; a description of the data,
methodology, and current state-of-the-art is available in the study by
D’Amario and Watkins [40]. A high-level description and details
relevant to the approach of Neptune are as follows.

For deep space missions, the tracking data include Doppler and

range (which measure the line-of-sight velocity and distance of the
spacecraft relative to a tracking station, respectively), and delta

differential one-way ranging (ΔDOR), an interferometric data type

in which the time delay of a radio signal from a spacecraft received at
two tracking stations is used to compute an angular location of the

spacecraft in the plane of sky. In addition, images of natural bodies
taken by an onboard optical navigation (OpNav) camera provide a

target-relative data type, especially important for approaching bodies

whose orbit is not well known, such as Triton. The observable for
OpNav data is the center of the observed body in the camera field of

view (FOV) relative to the inertial pointing direction of the camera,

computed through various centroiding techniques [41]. Because this
is fundamentally an angular measure, the higher the angular resolu-

tion of the camera, the higher the accuracy of the OpNav data. The
angular resolution is specified in terms of the angle extended by a

single camera pixel, the instantaneous field of view (IFOV). For this

study, two candidate optical navigation cameras are considered: 1) a
generic medium-resolution (Mid-Res) camera with a relatively wide

IFOV, and 2) a high-resolution (Hi-Res) camera with physical char-

acteristics similar to the LongRangeReconnaissance Imager Camera
(LORRI) flown on the New Horizons spacecraft. The camera spec-

ifications are shown in Table 1. Table 2 lists the 1σ noise on all the
data types assumed in the analysis, and the tracking schedule for the

radio and OpNav data.
The reference trajectory is obtained via numerical integration,with

the force model including gravitational attraction from eight planets,

the Neptunian moons Triton and Nereid, and the spherical harmonic

gravity terms J2, J4 for Neptune. Four impulsive burns are also
modeled, at Entry (E) - 30, 7, 5, and 2 days, and nally, small impulsive

burns every 3 days are also included to account for minor spacecraft
attitude adjustments. The nominal value for all burns in the reference

trajectory is 0, but they are included in the filter so that their error is

included in the estimated covariance. Of special note is the Neptune
ephemeris; because errors in Neptune’s position at arrival are a major

driver of the navigation dispersion at entry, two cases were examined.

The first case uses the current level of uncertainty in Neptune’s orbit.
The second case assumes that the uncertainty in Neptune ephemeris

could be reduced by a factor of 100. The latter is a hypothetical
improvement based on assumptions of future Neptune observations

(private conversation with William Folkner, Jet Propulsion Labora-

tory, California Institute of Technology).
The integration of the reference trajectory, data simulation, and the

estimation process is accomplished using the MONTE software

Table 1 Camera specifications

Camera Specifications

Mid-Res IFOV � 60 μrad

FOV � 122 mrad

Focal length � 500 mm

Hi-Res IFOV � 5 μrad

FOV � 5 mrad

Focal length � 2619 mm

Table 2 Data tracking schedules and assumed noise

Data type Tracking schedule 1σ noise

Doppler 3 × 8 h∕week 0.1 mm∕s
Range 3 × 8 h∕week 3 m

ΔDOR 2 pairs∕week 0.06 ns

OpNav 3 pictures∕day 1 pixel

Triton OpNav begins at E-60 days.

Δ DOR = delta dierential one-way ranging.
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set [42]. Typically, for deep space missions the estimated parameters
include, in addition to the spacecraft state (position and velocity),
dynamic parameters that affect the spacecraft orbit (such as ephemeri-
des and gravity fields of nearby natural bodies), nongravitational
forces acting on the spacecraft (such as solar radiation pressure and
thrusting events), and parameters that affect the data (such as range
biases). Also, some parameters are included in the filter as so-called
considered parameters. These are bias parameters that contribute to
the overall error covariance but are not estimated by the filter. They are
typically used to account for parameters that are difficult to model or
are poorly observed but are included in the covariance to prevent
overly optimistic uncertainties. Examples of these are media propa-
gation effects on the radio signal, and motion of the Earth’s crust,
which affects the location of the tracking stations. A complete list of
standard filter parameters can be found in the paper by D’Amario and
Watkins [40]; for the analysis performed in this study, Table 3 lists all
the relevant ones, along with their a priori 1σ uncertainty.
The standard coordinate frame for the integration and estimation is

the International Celestial Reference Frame, centered at Neptune, and
the estimated state is provided in Cartesian coordinates at the begin-
ning of the integration arc. For analyzing entry performance, however,
the covariance estimate can be mapped forward in time and rotated
into more suitable coordinates. One of these is the B-plane, which
is a plane centered at the target body (Neptune in this case), and
perpendicular to the incoming asymptote of the trajectory [43]. The
mapped covariance is projected onto theB-plane as an ellipse,with the
uncertainties represented by the major and minor axis of the ellipse.
The covariance can also bemapped to theEFPA, and theEFPAerror is
proportional to the magnitude of the B-vector in the B-plane.
The 1σ EFPA uncertainty with current level of Neptune ephemeris

is shown in Table 4. For the selected interplanetary trajectory with
arrival V∞ � 20 km∕s, a vehicle with L∕D � 0.4 entering prograde
near the equator results in TCW ≈ 1.25 deg. If the �3σ navigation
uncertainty alone exceeds the TCW, atmospheric and aerodynamic
uncertainties cannot be accommodated. Preliminary simulations indi-
cated that the 1σ delivery error cannot exceed 0.2 deg if a blunt-body
aeroshell with L∕D � 0.40 is used for the reference interplanetary
arrival conditions. Table 4 shows that radiometric tracking alone (i.e.,
withoutOpNav) cannot achieve the desired delivery accuracy.Optical
navigation using a Mid-Res camera with specifications listed in
Table 1, along with radiometric navigation, is also unable to achieve
the desired targeting accuracy. The Hi-Res camera significantly low-
ers the delivery error, and data cutoff (DCO) at E-07 meets the
preliminary requirement and DCO at E-04 days exceeds it (the last
two rowsofTable 4). Thedelivery error for theE-04DCOwith current
ephemeris uncertainty is considered baseline for the remainder of the

study. The EFPA errors for the scenario with 100 times improvement
in Neptune ephemeris were similar to that obtained with the current
Neptune ephemeris forE-07 andE-04DCO.The calculationswith the
improved ephemeris did not produce a significantly different result
and hence are not reported.
The result obtained using current Neptune ephemeris and the Hi-

Res camera is an improvement over the previous estimate in liter-
ature, which was �0.17 deg (1σ) [1]. The smaller delivery error
lowers the TCW requirement and hence the required L∕D, as shown
in Fig. 1. The results represent a preliminary assessment of the
delivery uncertainties. Sources of error not considered in the study
may inflate these uncertainties to some degree. The primary concern
would be nongravitational effects on the spacecraft frommismodeled
thrusting events, such as outgassing or momentum wheel desatura-
tions. Other nongravitational effects [44] that were not considered in
the study include solar radiation pressure, but at Neptune distances,
this should be a small effect. Finally, systematic errors in OpNav
centerfinding of extended bodies, such as Triton, may also degrade
the results. Future studies with improved spacecraft systemdefinition
can refine the estimation of delivery uncertainties.

B. Atmospheric Uncertainty

The large heliocentric distance presents a challenge to accurate
measurement of Neptune’s atmospheric characteristics. The Voyager
2 spacecraft remains the only spacecraft to provide a glimpse of the
Neptune atmospheric profile during its flyby in 1989 [4,45]. Despite
the limited data and the uncertainties in measurements, Neptune-
GRAM is the state-of-the-art atmospheric model for aerocapture
trajectory analysis. GRAMs are engineering level models for plan-
etary atmospheres and are widely used for systems design and per-
formance analysis of flight trajectories [1,46,47]. The atmosphere
model implemented in Neptune-GRAM is based on the data
from Voyager 2 radio science experiment, infrared interferometer-
spectrometer, and ultraviolet spectrometer instrument [48]. Neptune-
GRAM provides the density, temperature, pressure, winds, and
chemical composition as a function of altitude, latitude, longitude,
season, and local time.Themodel accounts for 1) uncertainty in analysis
of Voyager data, 2) latitudinal variations in the atmospheric structure,
and 3) temporal changes due to seasonal and diurnal variations [49].
Neptune-GRAM uses a single input parameter “Fminmax” to

account for uncertainty and variability of the mean density profile.
Fminmax � −1 corresponds to the minimum mean density and
Fminmax � �1 corresponds to themaximummeandensity as shown
in Fig. 3. Neptune-GRAM recommends using Fminmax near 0 for
near-equatorial entry at equinox, negative Fminmax for polar entry
during winter, and positive Fminmax for polar entry during the
summer. Neptune-GRAM also provides the expected �3σ variation
of the mean profile about the selected Fminmax value as shown
in Fig. 3. The full range of Fminmax along with the 3σ dispersion is
expected to cover the worst-case uncertainty in mean density profile.

Table 3 Estimated navigation filter parameters and uncertainties

Parameter A priori 1σ uncertainty

Spacecraft state at epoch 5E-4 × 5E-4 × 5E-4 �km;Cartesian�
5E-1 × 5E-1 × 5E-1 �km∕s;Cartesian�

Neptune barycenter state 2328 × 790 × 434 �km;Cartesian�
3.2E-6 × 4.2E-7 × 1.3E-7 �km∕s;Cartesian�

Triton state 5.8 × 11.6 × 8.4 �km;Cartesian�
9.4E-5 × 6.8E-5 × 4.2E-5 �km∕s;Cartesian�

Nereid state 180 × 111 × 108 �km;Cartesian�
1.6E-5 × 6.7E-6 × 1.2E-5 �km∕s;Cartesian�

Impulsive maneuvers (E-30,
E-7, E-5, E-2)

5 cm∕s per axis

Small burns for repointing
(every 3 days)

0.2 mm∕s per axis

Neptune pole Right ascension: 4.6E-2 deg
Declination: 9.1E-3 deg

Neptune barycenter GM 4.845 km3∕s2

Neptune J2, J4 1.5E-6, 9.6E-7

Triton GM 6.3E-1 km3∕s2

Stochastic range biases at
stations

2 m

Table 4 EFPA uncertainty of 1σ using current Neptune ephemeris

DCO,
days

B-plane ellipse
SMAA × SMIA, km

1σ jBj error,
km

1σ EFPA error,
deg

Only radiometric tracking, no OpNav

E-09 328.8 × 255.3 272.9 1.78

E-07 327.5 × 254.2 271.3 1.77

E-04 325.1 × 253.3 270.3 1.76

With radiometric tracking and OpNav (Mid-Res)

E-09 170.3 × 160.3 162.9 1.06

E-07 151.5 × 144.1 146.3 0.95

E-04 116.5 × 113.5 114.4 0.74

With radiometric tracking and OpNav (Hi-Res)

E-09 39.8 × 35.4 39.2 0.26

E-07 30.5 × 26.9 30.1 0.20

E-04 17.6 × 14.6 17.1 0.11

SMAA = semi-major axis, SMIA = semi-minor axis.
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For aerocapture at Neptune, knowledge of the density profile uncer-

tainty is most important in the altitude range 100–400 km, which

is referred to as the aerocapture altitude range. Aerodynamic forces

are negligible above 400 km, and the minimum altitude during

the aerocapture maneuver is well above 100 km for a wide range of

vehicle L∕D and arrival V∞. Neptune-GRAM also provides high-

frequency density perturbations superimposed on themean profiles to

account for random variations expected in the atmosphere as seen in

Fig. 4. The parameter “rpscale” controls the high-frequency variabil-

ity of the atmospheric density and ranges from0 to 2,with 0 indicating

no perturbations and 2 indicating the highest perturbation amplitude.

Previous studies used a nominal value of rpscale � 1.0, and lower

values such as 0.5 indicate lower high-frequency content. Previous

studies have recommendedusing a smaller rangeofFminmaxdepend-

ing on the arrival season and entry latitude instead of the full range.

Lockwood et al. [1] used 0.60 ≤ Fminmax ≤ 0.93 for an aerocapture
vehicle flying in low latitudes in the season corresponding to the

arrival time. The present study uses the full range of Fminmax

from −1 to �1 as a worst-case estimate of the atmospheric

uncertainties.

Better knowledge of the atmosphere from ground-based observa-

tions and modeling may reduce the atmospheric variability in terms

of both mean profile and high-frequency content. It is possible that
existing observations when combined with global circulation models
could constrain the range of Fminmax depending on the arrival
season, and it is worth further investigation. The present study inves-
tigates a novel approach called a pathfinder probe recommended
by Spilker et al [4]. An entry probe enters the atmosphere several
weeks ahead of the main aerocapture vehicle and relays the in
situ atmospheric density data. The aerocapture vehicle performs a
TCM to adjust the target EFPA, and it is discussed in further detail in
Sec. VII.

C. Aerodynamics Uncertainty

The vehicle aerodynamic control authority for bank angle modu-
lation is quantified by the hypersonic trim lift-to-drag ratio �L∕D�trim
at the nominal trim angle of attack. Uncertainties in the mass distri-
bution, ablation of the TPS material during aerocapture, shape
changes, andmass imbalances translate into uncertainty in the vehicle
�L∕D�trim. Quantification of aerodynamics uncertainties is important
for entry vehicle performance analysis [50,51], but it is outside the
scope of the presentwork. The present study uses a 10% 3σ dispersion
about the nominal �L∕D�trim as a representative estimate based on
MSL entry vehicle aerodynamics reconstruction data [52]. Entry at
Neptune presents a different and significantly more severe aerother-
mal environment than at Mars or Titan due to the higher entry speed
and the H2-He atmosphere. Additional study is required to quantify
the aerodynamics uncertainties for a Neptune aerocapture vehicle
using computational fluid dynamics and other numerical methods
for prediction of TPS ablation during the maneuver.

V. Guidance Scheme

The aerocapture guidance algorithm guides the vehicle from the
entry interface through atmospheric flight such that a desired set of
terminal conditions is achievedwhen thevehicle exits the atmosphere.
The desired terminal conditions at atmospheric exit allow the space-
craft to achieve the target capture orbit apoapsis and inclination. The
presentwork uses bank anglemodulation as the controlmethod.Bank
angle modulation uses an aeroshell that provides lift from offsetting
the center of gravity with respect to the symmetry axis. The lift vector
is rotated around the velocity vector by banking the vehicle, and the
bank angle is the sole control variable. Bank angle modulation has
been successfully used on entry vehicles such asApollo and theMSL,
and it is considered a high-heritage flight control technique for low-
L∕D blunt-body aeroshells [53,54]. The guidance scheme used in the
present work is a derivative of the analytical predictor-corrector
developed by Cerimele and Gamble [55]. The guidance consists of
two phases: 1) the equilibrium glide phase, and 2) the exit phase as
shown in Fig. 5. In the equilibriumglide phase, thevehicle attempts to

maintain equilibriumglide condition, i.e., altitude acceleration �h � 0.
The bank angle command δCMD during the equilibrium glide phase is
computed as [55]

cos δCMD � cos δeq:gl: −G _h
_h�G �q

�
�q − �qref

�q

�
(1)

where cos δeq:gl: is the calculated equilibrium glide bank angle to

which increments are added, and it is given by [55]

cos δeq:gl: �
mg

CL �qS

�
1 −

v2

gr

�
(2)

wherem is the vehicle mass, g is the local gravitational acceleration,
CL is the vehicle lift coefficient, �q is the dynamic pressure, S is the
aerodynamic reference area, v is the atmosphere relative speed, and r
is the radial distance from the center of the planet.G _h andG �q refer to

the gain parameters and are chosen based on themethod developed by
Cerimele and Gamble [55] described in Appendix A. The reference
dynamic pressure �qref is computed as [55]

Fig. 3 Mean density profile variations from Neptune-GRAM by
varying Fminmax from −1 to�1 and�3σ uncertainties about the mean
profiles.

Fig. 4 Random perturbed density profiles from Neptune-GRAM for
different values of Fminmax [1].
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�qref � −
mg

0.75CLS

�
1 −

v2

gr

�
(3)

A key feature of the guidance algorithm proposed in the present
work is the onboard density estimation during the descending leg of
the aerocapture maneuver. The vehicle uses the accelerometer mea-
surements to estimate the atmospheric density during the equilibrium
glide phase until a predetermined altitude rate _h is exceeded.

ρest �
2madrag
SCDv

2
(4)

where ρest is the estimated density, adrag is the measured drag accel-

eration, andCD is the drag coefficient. The present study assumes that
the drag deceleration can be accurately estimated from onboard
accelerometer readings [56,57]. Figure 6 shows the comparison of
actual and estimated density profiles for a vehicle with L∕D � 0.4
entering Neptune retrograde equatorial at 33 km∕s (planet-relative
speed) and accelerometer measurement frequency of 2 Hz. For alti-
tudes below theminimum altitude at which densitymeasurements are
available, the algorithm extrapolates the density using an exponential
model. The extrapolation uses the density estimate and computed

scale height at the minimum altitude at which a measurement is
available. The blue circle in Fig. 6 indicates the minimum altitude
at which measurement was available, beyond which the profile is
extrapolated. Figure 7 shows the percentage error in density estima-
tion as a function of altitude. Potential sources of error in the density
measurement such as data noise, uncertainty in vehicle mass, and
speed are not considered in the present study. The effect of turbulent
buffeting, data noise and filtering, sensor response time, and computa-
tional cost of constructing a reliable density function using onboard
computing resources are beyond the scope of the present work.
Although onboard density estimation is proposed by many studies

addressing aerocapture at Mars [57–59], its application to Neptune
aerocapture has not been studied. Onboard density estimation sig-
nificantly improves the guidance performance comparedwith using a
preset density profile, and it is of critical importance to aerocapture at
Neptune due to low TCW compared with Mars or Titan. Encounter-
ing a higher-than-expected-density atmosphere could result in failure
due to undershooting of the target apoapsis; a less-dense atmosphere
can result in apoapsis overshoot.Worst-case scenarios involving low-
density atmosphere can result in the spacecraft leaving the atmos-
phere without getting captured. The proposed guidance scheme is
shown to be able to achieve satisfactory performance even with large
atmospheric uncertainties as shown in Sec. VIII.
Once a predetermined altitude rate _h threshold is exceeded, the

vehicle starts predicting its apoapsis altitude at exit using full lift up for
the remainder of the atmospheric flight. The prediction is done by
numerically integrating the equations of motion using the density
profilemeasured during the descending leg of the aerocapturemaneu-
ver as shown in Fig. 5. When the predicted apoapsis altitude at exit is
sufficiently close to the desired value, the exit phase is initiated and the
vehicle pulls out of the atmospherewith full lift up for the remainder of
the atmospheric flight. Density pockets and density shears are not
modeled in Neptune-GRAM and may be a concern for aerocapture
vehicles [60]. A case for concern would be if the density pockets are
localized, and not encountered by the vehicle during the descending
leg but only during the ascending leg resulting in erroneous apoapsis
prediction. Further study is required to investigate the magnitude and
spatial extent of density pockets in ice giant atmospheres and their
effect of aerocapture performance.
The bank angle commanded to target the desired apoapsis will

result in an out-of-plane force component for bank angles other than
0 deg (lift up) or 180 deg (lift down). The out-of-plane force compo-
nent will cause the inclination to change as the vehicle flies through
the atmosphere. Because bank angle is the only control available to
target the apoapsis at both exit and inclination, the strategy adopted is
to perform bank angle reversals when the inclination exceeds pre-
scribed bounds [55]. Because the maximum roll rate is limited, the

Fig. 5 Altitude history of the aerocapture maneuver showing the
equilibrium glide phase and exit phase of the guidance algorithm.

Fig. 6 Comparison of an actual perturbed random profile from
Neptune-GRAM and estimated density profile from measured drag
deceleration.

Fig. 7 Density estimation error. Below the minimum altitude for which
onboard measurements are available, an exponential extrapolation is
used.
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vehiclewill take a few seconds to complete the roll reversal and lead to
some error in apoapsis targeting. The present study focuses only on
the apoapsis targeting and leaves the inclination unconstrained for
simplicity. Inclination errors from the atmospheric pass are expected
to be small and can be corrected along with the periapsis raise
maneuver.Additional study is required to include inclination targeting
in the proposed guidance scheme and analyze its effect on apoapsis
targeting accuracy.

VI. Hybrid Propulsive-Aerocapture Concept

The hybrid propulsive-aerocapture concept refers to a technique
where rocket propulsion provides a component of the deterministic
ΔV for orbit insertion along with aerocapture. Using a combination
of aerocapture and propulsion has been suggested as a method to
reduce the vehicleL∕D requirement for ice giant missions by Spilker
et al. [4]. The present work considers two hybrid approaches that
showed the potential to enable use of low-L∕D blunt-body aeroshells
at Neptune.
The first approach involves aerocapture into an initial orbit with

apoapsis lower than the planned science orbit, and then propulsively
boosting the apoapsis to the desired orbit. The small initial capture
orbit widens the theoretical corridor (TCW) and hence lowers the
required vehicleL∕D. An additional advantage of a small initial orbit
is that it reduces the risk of accidental escape following aerocapture.
The primary performance penalty for this hybrid approach is the
propulsive ΔV cost for the apoapsis raise maneuver, as a high pro-
pulsive ΔV implies significant mass penalty. Additional risks from a
small capture orbit include 1) increased ring plane crossing hazard
(particularly if the initial apoapsis is close to or inside the rings), and
2) less available time for orbit determination and corrective maneu-
vers comparedwith large orbits that have a several day coast period to
the first apoapsis. Figure 8 shows the effect of initial capture orbit
period on vehicle L∕D requirement. The TCW constraint lines show
the 2.0 deg contours for a range of initial capture orbits. The analysis
assumes that the desired science orbit has a 20-day period with a
periapsis radius of 1.1Neptune radius. The green-shaded patch shows
the feasible set of (L∕D,V∞) if the initial capture orbit is 20 days. If a
smaller one-day capture orbit is used, the blue patch becomes feasible,
lowering theL∕D requirement. After the periapsis raise maneuver, an
apoapsis raise maneuver is performed at the periapsis.
Table 5 shows the minimum required L∕D using different capture

orbits for arrival atV∞ � 20 km∕s, and the apoapsis raiseΔV cost to
achieve the 20-day science orbit. Using a small capture orbits does
lower the L∕D requirement (but not significantly to enable use of
low-L∕D aeroshells with reasonableΔV penalty). Capture orbits less
than 1 day incur prohibitively high apoapsis raise ΔV and ring plane

crossing hazard due to the low initial apoapsis. ΔV of 2 km∕s or
greater begin to approach the value for purely propulsive insertion,

and accommodation of large propellant tanks inside an aeroshell

presents another challenge.

The second hybrid approach involves aerocapture followed by a

propulsive ΔV maneuver immediately after atmospheric exit as

shown in Fig. 9. The propulsive ΔV capability allows a wider of

range of EFPAs than conventional aerocapture and hence increases

the TCW. TCWΔV indicates the modified TCW with the additional

ΔV and is equal to the TCW for conventional aerocapture when

ΔV � 0. The ΔV corrects for the deficit in speed for a steeper entry

than aerocapture and corrects for excess speed in the case of a

shallower entry than possible with aerocapture alone. The propulsive

ΔV thus augments control authority and may allow reduction in

vehicle L∕D requirement. As with the first approach, the primary

penalty for this approach is the propellant mass associated with the

ΔV maneuver. In addition, the spacecraft has to autonomously deter-

mine its orbital state, compute the correction maneuvers, and execute

the propulsive burn without any ground intervention immediately

after atmospheric exit.

Figure 10 shows the effect of additional propulsive ΔV on the

required vehicle L∕D. The TCW constraint lines show the 2.0 deg

contours for a range of allowable propulsive ΔV. The green-shaded
area shows the feasible set of L∕D, V∞ for conventional aerocapture

with noΔVmaneuver at exit. If a propulsiveΔVmaneuver of 1 km∕s
is allowed, the blue patch becomes feasible in addition to the green

area, lowering the L∕D requirement. After the ΔV maneuver is

performed, the vehicle has the correct speed to coast to the target

apoapsis and following a periapsis raise maneuver enters the desired

science orbit.

Table 6 shows that the additional propulsive ΔV capability widens

the theoretical corridor and thus lowers the L∕D requirement. How-

ever, the reduction in required L∕D is small and is not sufficient to

enable the use of low-L∕D aeroshells within a reasonable ΔV of

1 km∕s. The propulsive ΔV required to allow use of heritage aero-

shells is prohibitively high and leads to unacceptable propellant mass

penalty for this hybrid propulsive-aerocapture concept. The propellant

mass penalties outweigh the performance benefits and likely introduce

additional cost and complexity.

Fig. 8 Effect of initial capture orbit period on vehicleL∕D requirement.
Shaded regions show the feasible set of L∕D, V∞ for 20-day and 1-day
capture orbits.

Table 5 Minimum required L∕D and deterministic propulsive ΔV
cost for hybrid aerocapture-propulsive approach using small initial

capture orbits, V∞ � 20 km∕s, target science orbit period � 20 days

Initial capture orbit
period, days

Initial apoapsis
altitude, km �L∕D�min :

Apoapsis raise
ΔV, m∕s

20 1,553,575 0.61 0
1 166,163 0.51 1,252
0.5 85,543 0.45 2,148
0.25 34,755 0.38 3,658

Fig. 9 Second approach where a propulsive ΔV at atmospheric exit
augments control authority.
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VII. Pathfinder Probe Concept

The present study investigated the option of sending a pathfinder
entry probe into Neptune’s atmosphere several weeks ahead of the
main aerocapture vehicle reaching the atmospheric entry interface.
The objective of the pathfinder probe is to measure the in situ
atmospheric profile and thus reduce the uncertainty in atmospheric
profile before the aerocapture vehicle arriving at Neptune. Before the
discussion of the pathfinder probe concept, it is insightful to discuss
the “targeting problem” for aerocapture to illustrate the combined
effect of navigation and atmospheric uncertainties. The targeting
problem refers to the selection of a nominal target EFPA for the
aerocapture maneuver. Several weeks ahead of entering Neptune, the
approach navigationmaneuvers target the aim point on theB-plane to
allow the spacecraft to reach the atmospheric interface at the selected
nominal EFPA.
The TCW is bounded by the shallowest and steepest acceptable

EFPA for aerocapture. Figure 11 shows the TCW for a vehicle with
L∕D � 0.4 entering Neptune’s atmosphere retrograde at the equator
at a planet-relative speed of 33 km∕s for Fminmax � −1, 0, and�1.
These values of Fminmax correspond to the minimum, average, and
maximum mean density profiles from Neptune-GRAM. Theoreti-
cally, if the vehicle enters at any EFPAwithin the TCW, the guidance
algorithm can command the appropriate bank angle profile to achieve
the desired exit conditions. However, simulations indicate that entry
near the shallow limit of the corridor that requires almost full lift
down for the entire trajectory are very sensitive to density perturba-
tions. Such full lift down trajectories are not flyable in practice due to
the risk of flyaway without getting captured. The hatched regions in
Fig. 11 show the portion of the corridor rendered inaccessible due to
the sensitivity of trajectories near the shallow limit using the guidance
algorithm described in Sec. V and parameters listed in Appendix A.
Thus the usable corridor for Neptune aerocapture is smaller than the
theoretical corridor. Though the width of the corridor is not very

sensitive to Fminmax, the shallow and steep bounds of the usable
corridor change significantly based on the mean density profile and
lead to the targeting problem. The selected nominal EFPA should be
such that the �3σ navigation uncertainty falls within the usable
corridor for the entire range of mean density profile uncertainties.
Targeting the selected nominal EFPA allows the aerocapture vehicle
to achieve the desired exit conditions for any mean atmospheric
profile within the specified uncertainty.
In the present study, it is seen that a 3σ EFPA uncertainty of

0.33 deg (see Table 4) shown in Fig. 11 is not small enough to
accommodate the entire range of mean density profiles from
Fminmax � −1 to �1. There is no target EFPA that would allow
both the�3σ and−3σ delivery error to fall within the usable corridor
for the range of atmospheric uncertainties considered. If the vehicle
encounters the lowest density atmosphere (i.e., Fminmax � −1) and
the EFPA falls outside �3σ, then the vehicle risks not getting cap-
tured. To minimize the risk of escape, the target EFPA is chosen such
that the�3σ delivery error falls just within the usable corridor for the
minimumdensity atmosphere. For the casewith themaximumdensity
atmosphere (i.e.,Fminmax � �1), the target EFPA itself and the−3σ
delivery error fall below the theoretical corridor, which implies that
the vehicle will undershoot the apoapsis altitude in such a scenario.
Simulations indicate that off-nominal EFPA outside �3σ is very

likely to fly away without getting captured, whereas off-nominal
EFPA outside −3σ will only likely result in undershoot of apoapsis
but certainly not crash into the planet. The flyway case will almost
certainly lead to loss ofmission, whereas the apoapsis undershoot can
be corrected using propulsive maneuvers and Triton gravity assists
during the course of the mission. It is recommended to bias the target
EFPA toward the steep side of the usable corridor to provide sufficient
safety margin against the flyaway scenario for minimum density
atmosphere, even if the −3σ EFPA bound falls outside the usable
corridor for the maximum density atmosphere. Two possible options
to increase the safety margin are 1) to decrease the navigation uncer-
tainties further, and 2) to reduce the atmospheric uncertainties. The
pathfinder probe concept aims to use the second option of reducing
atmospheric uncertainties to improve the safety margin against acci-
dental escape.
The concept of operations for the pathfinder probe is as follows.

Ahead of the main aerocapture vehicle reaching Neptune, an atmos-
pheric entry probe is released from the main spacecraft. The carrier
spacecraft also releases one or more SmallSats on a flyby trajectory
with their arrival timed so as to act as a data relay from the probe
during entry. The probe coasts to Neptune, whereas the main space-
craft performs a small propulsive burn such that it arrives at entry
interface for aerocapture a fewweeks after the probe entry. The probe
measures the density in situ (from accelerometer measurements),
along with atmospheric structure and composition. The data are

Table 6 Minimum required L∕D for hybrid
propulsive-aerocapture approach with a propulsive
ΔV maneuver at atmospheric exit, V∞ � 20 km∕s,

target science orbit period � 20 days

Allowable propulsive ΔV, km∕s �L∕D�min:

0.0 0.61
0.5 0.58
1.0 0.54
1.5 0.51
2.0 0.47

Fig. 11 The colored blocks show the theoretical corridor for various
mean density atmospheric profiles. The target EFPA is chosen to

minimize the risk of escape.Fig. 10 Feasibility chart showing the effect of allowable propulsive ΔV
at exit on vehicle L∕D requirement.
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relayed to the main spacecraft via the SmallSats, which in turn relay
the data back to Earth. The present study hypothesizes that the in situ
data when coupled with improved atmospheric models and ground-
based observation campaigns can reduce the uncertainty in the mean
density profile to be encountered by themain aerocapturevehicle. The
aerocapture vehicle then performs a small TCM to target the optimal
EFPA based on the improved atmospheric profile knowledge.
Quantification of the atmospheric uncertainty reduction from a

pathfinder entry probe is not possible at the level of the study. For
illustration, the present study assumes that the pathfinder probe data
are able to constrain the atmospheric uncertainties such that 0.6 ≤
Fminmax ≤ 0.8 instead of the full range of Fminmax from−1 to�1.
With the reduced uncertainty in Fminmax, the target EFPA can be
chosen so as to provide sufficient margin against escape above 3σ in
the case of low-density atmosphere, and against undershoot in the
case of high-density atmosphere as shown in Fig. 12. The pathfinder
probe allows optimal selection of the target EFPA tominimize the risk
of accidental escape or apoapsis undershoot. Thepathfinder probe can
improve the safety margin for aerocapture against escape and under-
shoot scenarios. Constraints on the timing of probe and SmallSat
release, data transmission from the probe, propulsive ΔV for deflec-
tion maneuvers, the time available for data analysis, and command
upload to spacecraft for targeting the optimal EFPA are recommended
for further study. It may be possible to let the relay SmallSat carry the
pathfinder probe, and the SmallSat separate several months ahead of
the main spacecraft reaching Neptune to keep the deflection maneu-
ver ΔV reasonably low. If the two spacecraft can separate before the
Jupiter gravity assist, it may be possible to further reduce the required
deflection ΔV to achieve the few weeks’ separation between the
pathfinder probe and themain spacecraft reachingNeptune; however,
this will add significant complexity to the mission architecture and
spacecraft systems.
Inclusion of a pathfinder probe (in addition to a main entry probe)

will add cost and complexity to the mission architecture. The design
of the pathfinder probe is not part of the study and assumes that the

primarymission can accommodate the additional mass. The possibil-
ity of the pathfinder probe failing to accomplish its mission should be
considered, due to entry probe failure, loss of data, etc. Loss of the
pathfinder probe cannot be a single point failure for the main aero-
capture vehicle and should be capable of performing the maneuver
with sufficient safetymargin even if the data from the pathfinder probe
is lost.
In the following section on performance analysis, the hybrid

aerocapture approaches in Sec. VI are not considered further. The
improved navigation uncertainty estimates from Sec. IV, the guid-
ance scheme with onboard density estimation from Sec. V, and the
use of a pathfinder probe fromSec.VII are considered for aerocapture
performance analysis using a blunt-body aeroshell.

VIII. Performance Analysis

Monte Carlo analysis is used to quantify the vehicle performance
in the presence of combined navigation, atmospheric, and aerody-
namic uncertainties. Nominal values of the parameters used and the
associated uncertainties are listed in Table 7. The target EFPA is
chosen based on the discussion presented in Sec. VII. For arrival
V∞ � 20 km∕s of the reference interplanetary trajectory, the planet/
atmosphere relative entry speed can range from 28 km∕s for pro-
grade entry to 33 km∕s for retrograde entry. The location and width
of the entry corridor change as a function of the planet-relative entry
speed and must be accounted for in aerocapture guidance analysis.
The arrival declination is 8.8 deg, and the entry latitude and heading
angles can be computed based on the target orbit inclination [39]. The
heading angle is defined as the angle between the velocity vector and
the local parallel of latitude following the definition of Vinh et al.
[61]. To simplify the trajectory analysis, the aerocapture simulations
in this study use equatorial retrograde (180 deg heading angle) and
prograde (0 deg heading angle) entry. The apoapsis altitude is com-
puted using the trajectory state at atmospheric exit, defined at the
same altitude as the entry interface (1000 km above the 1 bar pressure
level). Atmospheric mean density uncertainties and random high-
frequency perturbations are used from Neptune-GRAM. Three sets
of simulations were performed: 1) maximum range of Fminmax,
2) reduced atmospheric uncertainty, and 3) very low atmospheric
uncertainty.

A. Maximum Range of Fminmax

The maximum atmospheric uncertainty case assumes that no
improvement is available over data available from Neptune-GRAM,
and the aerocapture vehicle must accommodate the full range of
Fminmax from −1 to �1.
Vehicle parameters used for the simulation are ballistic

coefficient β � 200 kg∕m2, drag coefficient CD � 1.59, and nose
radius RN � 1.0 m. The target apoapsis altitude is 400,000 km,
and the apoapsis error tolerance used by the guidance algorithm is
10,000 km. The apoapsis prediction is initiated when the altitude
rate exceeds −500 m∕s and a guidance frequency of 2 Hz is used
for the equilibrium glide phase. The onboard density estimation
assumes perfect knowledge of the total measured acceleration and
other vehicle parameters and computes the density once during every
guidance cycle. Guidance gain parameters used in the simulation
are described in Appendix A. If the guidance algorithm predicts

Fig. 12 Reduced atmospheric uncertainty from a pathfinder probe
allows target EFPA selection such that both�3σ and−3σ delivery errors
fall within the usable corridor.

Table 7 Monte Carlo uncertainties

Category Variable Nominal �3σ or �min;max� or other Distribution

Navigation Entry flight-path angle (planet-relative) −11.43 deg (retrograde) �0.33 deg Normal

−13.85 deg (prograde) �0.33 deg Normal

Atmosphere Fminmax —— [−1,�1] Uniform

Mean density uncertainty 0 3σ from Neptune-GRAM Normal

Random high-frequency perturbation —— rpscale � 1 Uniform

Aerodynamics L∕D 0.40 �0.04 Uniform
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an apoapsis altitude lower than the target value, the equilibrium
glide phase is terminated immediately and the vehicle flies full lift
up. Higher guidance frequency can improve the apoapsis targeting,
although at the cost of greater onboard computing requirements.
Vehicle position and velocity states used by the guidance scheme
will have uncertainties associated with inertial sensors but for the
present study are assumed to be known perfectly. The maximum roll
rate is constrained to 30 deg∕s. Orbit inclination targeting during the
aerocapture maneuver is not considered.
A high-fidelity 3-degree-of-freedom simulation including gravity

zonal harmonics up to J4, aerodynamic forces, Coriolis, and centrifu-
gal forces is used to simulate the trajectory of a spacecraft flying in
the vicinity of an oblate, rotating planet. The initial state for the entry
simulation is the terminal state of the interplanetary approach trajec-
tory using the B-plane targeting method [39]. The aerocapture tra-
jectory is propagated from atmospheric entry to the atmospheric exit
interface. The simulation uses an outer loop to propagate the actual
vehicle trajectory and an inner loop to simulate the guidance scheme.
Five thousand aerocapture trajectories were simulated for both pro-
grade and retrograde entry for different atmospheric uncertainty
levels, and the results are used to assess guidance performance at
Neptune using a blunt-body aeroshell.

1. Retrograde Entry

For the purpose of comparing the targeting accuracy for different
cases evaluated, an arbitrary �50;000 km bound about the target
apoapsis is defined in this study. For the retrograde entry, all but
one of the 5000 cases captured successfully, with 75% of the
cases achieving apoapsis within �50;000 km of the target apoapsis
(400,000 km). Figure 13 shows the histogram of the achieved
apoapsis altitude. Figure 14 shows the dispersion in apoapsis
and periapsis altitude. One trajectory failed to capture and is omitted
from Figs. 13 and 14. The failure is attributed to low mean density
(i.e., Fminmax � −1.0),−0.4σ variation about the mean profile, and
shallowEFPA � −11.02 deg (�3.7σ) along with the effect of high-
frequency perturbations.
Figure 15 shows the dispersion in peak deceleration and peak

stagnation- point heat rate. The stagnation point heat rate is the
sum of convective and radiative heating rates computed using engi-
neering correlations [38]. The 99.87-percentile peak deceleration
load is 14.32g, an important parameter for aeroshell structural design
and instrument qualification. The 99.87-percentile peak stagnation-

point heat rate is 8152 W∕cm2, an important parameter for TPS
material selection and qualification. The heat rate is significantly
higher compared with entry at Mars or Titan, but it is expected to
be within the performance envelope of the HEEET TPS [35]. The

Fig. 13 Histogram of achieved apoapsis altitude for maximum range of
Fminmax. Some cases resulted in significant undershoot (below
300,000 km).

Fig. 14 Apoapsis dispersion for maximum range of Fminmax
(retrograde). Of the cases, 75% achieved apoapsis within 50,000 km of
the target.

Fig. 15 Peak deceleration and peak stagnation-point heat rate for
maximum range of Fminmax (retrograde).

Fig. 16 Apoapsis versus periapsis altitude formaximum range of Fmin-
max (prograde). Of the cases, 96% achieved apoapsis altitude within
50,000 km of the target.
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99.87-percentile propulsive ΔV requirement for the periapsis raise
and the apoapsis correctionmaneuver are 315 and 1841 m∕s, respec-
tively. The high apoapsis correctionΔV is due to a significant fraction
of the cases undershooting the target apoapsis. The apoapsis under-
shoot in turn is attributed to selection of the target EFPA so as to
minimize the risk of escape in the event of minimum density atmos-
phere as described in Sec. VII. In the event of high-density atmos-
phere, the nominal target EFPA results in apoapsis undershoot. The
study emphasizes that the reported apoapsis correctionΔV values are
strongly dependent on the 400,000 km target apoapsis. This is based
on the study ground rule that Triton is a high-priority science target
for a future Neptune mission [29], and the orbit should be large
enough to permit close Triton flybys. If a future mission chooses to
forego this requirement to use a much smaller target apoapsis, the
apoapsis correction ΔV values will be much smaller. The apoapsis
correction ΔV values are also reported to compare the cost of
correcting targeting errors for the different atmospheric uncertainty
levels and vehicle L∕D values considered in this study.

2. Prograde Entry

For the prograde entry, 98.48% of the cases captured successfully;
0.70% of the cases captured but with apoapsis altitudes greater than
500,000 km; 96%of the cases achieved apoapsiswithin�50;000 km
of the target apoapsis (400,000km). Figure 16 shows the dispersion in
apoapsis versus periapsis altitude. The trajectories that failed to
capture and those that resulted in apoapsis altitude greater than
500,000 km are omitted from Fig. 16.
Figure 17 shows the dispersion in peak deceleration and peak

stagnation-point heat rate. The 99.87-percentile peak deceleration
load and stagnation-point heat rate are 13.40g and 1675 W∕cm2,
respectively. The 99.87-percentile stagnation-point heat rate for
prograde entry is substantially lower than the retrograde entry case
due to the lower planet-relative entry speed for prograde entry. The
99.87-percentile propulsive ΔV requirement for the periapsis raise
maneuver and apoapsis correction maneuver is 180 and 664 m∕s,
respectively. Compared with the retrograde entry case where only
0.02%of the cases failed to capture, 1.5%of the cases failed to capture
in the prograde case. Despite the lower capture probability, the
fraction of cases that achieved apoapsis within �50;000 km for
the prograde case is 96% compared with 75% for the retrograde case.
The cases that failed to capture or resulted in large orbits are attributed
to combinations of shallow EFPAs and low-density atmosphere.
Table 8 summarizes the percentiles for various parameters from
Monte Carlo simulations with the full range of Fminmax.

B. Reduced Atmospheric Uncertainty

To investigate the effect of reduced atmospheric uncertainty
from potential ground-based observations and modeling efforts, the
simulation is run with−0.5 ≤ Fminmax ≤ �0.5, and rpscale � 0.5.
Other simulation parameters are the same as listed in Table 7. The
results are reported for retrograde and prograde entry.

1. Retrograde Entry

One hundred percent of the cases captured successfully. The
percentage of cases that achieved apoapsis within �50; 000 km of
the target is 93% as shown in Fig. 18 compared with 75% for the
simulations with maximum atmospheric uncertainty. The improved
apoapsis targeting lowers the 99.87-percentile apoapsis correction
ΔV from 1840 (Table 8) to 328 m∕s. Table 9 summarizes the Monte
Carlo simulation results for the retrograde entry case.

Fig. 17 Peak deceleration versus peak stagnation-point heat rate for
maximum range of Fminmax (prograde). Note the reduction in heat rate
compared with retrograde entry (Fig. 15).

Table 8 Statistics from Monte Carlo simulation with full range of Fminmax

Retrograde entry

Percentage captured 99.98

Percentage within�50;000 km of target 74.94

Statistics for the 99.98% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 56,869 77,399 369,681 441,215 469,411

Peak deceleration, Earth g 5.32 6.00 9.01 14.32 16.07

Peak heat rate,W∕cm2 5,718 5,937 7,262 8,152 8,570

Periapsis raise ΔV, m∕s 82.22 87.95 101.67 315.46 372.18

Apoapsis correction ΔV, m∕s 0.04 0.18 51.43 1,840.71 2,352.62

Total propulsive ΔV, m∕s 94.83 95.22 152.84 2,158.23 2,724.80

Prograde entry

Percentage captured 98.48

Percentage within�50;000 km of target 95.88

Statistics for the 98.48% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 144,476 183,243 382,066 3,222,790 46,519,543

Peak deceleration, Earth g 4.75 4.95 8.87 13.40 13.97

Peak heat rate,W∕cm2 1,264 1,287 1,502 1,675 1,747

Periapsis raise ΔV, m∕s 0.92 13.00 97.85 179.77 212.34

Apoapsis correction ΔV, m∕s 0.08 0.33 29.88 680.80 942.22

Total propulsive ΔV, m∕s 93.34 94.73 127.71 843.59 1154.76
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2. Prograde Entry

Of the cases, 99.98% captured successfully and 99.9% achieved

apoapsis within �50;000 km of the target apoapsis as shown in

Fig. 19. Two cases (0.04%) captured but with apoapsis altitudes of

1million and 2.8million km as comparedwith the target 400,000 km.

Compared with the retrograde entry results shown in Fig. 18, the

improved apoapsis targeting accuracy for the prograde entry lowered

the 99.87-percentile apoapsis correction ΔV from 328 to 55 m∕s.
Table 9 summarizes the results for the prograde entry case with

reduced atmospheric uncertainty.
The reduced atmospheric uncertainty is likely more realistic com-

pared with the conservative full range of Fminmax [48]. In addition,

the present study uses a uniform distribution for range of Fminmax

considered to provide conservative estimates. For future studies, with

more information available to reduce the atmospheric uncertainties, a

more reasonable choice would be a normal distribution about the

most likely value of Fminmax.

C. Very Low Atmospheric Uncertainty

To illustrate the effect of very low atmospheric uncertainty as

may be possible using data from a pathfinder probe, the simulation

is run with 0.6 ≤ Fminmax ≤ 0.8, and rpscale � 0.5 as discussed in
Sec. VII. Based on the discussion presented in Sec. VII the target

EFPA is adjusted to −11.00 deg for the retrograde entry to allow for

sufficientmargin against escape andundershoot as indicated inFig. 12.

The target EFPA for the prograde entry is adjusted to −13.71 deg.
Other simulation parameters are the same as listed in Sec. VIII.A. One

hundred percent of the cases captured successfully for both retrograde

and prograde entry scenarios. Figures 20 and 21 show the achieved

apoapsis versus periapsis altitude for retrograde and prograde entry,

respectively.
The results illustrate the effect of significant reduction of atmos-

pheric uncertainties on apoapsis targeting accuracy. Apoapsis target-

ing is significantly improved compared with the simulations with the

full range of Fminmax but shows only a marginal improvement

compared with −0.5 ≤ Fminmax ≤ �0.5. The results indicate that

Fig. 18 Apoapsis versus periapsis altitude for reduced atmospheric
uncertainty (retrograde entry). Note the improvement compared with

the full range of Fminmax (Fig. 14).

Table 9 Statistics from Monte Carlo simulation with reduced atmospheric uncertainty

Retrograde entry

Percentage captured 100

Percentage within�50;000 km of target 92.60

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 169,065 257,918 368,495 430,094 435,187

Peak deceleration, Earth g 4.94 5.92 7.52 11.82 12.26

Peak heat rate,W∕cm2 5,701 5,881 6,921 7,631 7,703

Periapsis raise ΔV, m∕s 88.77 89.77 101.59 137.90 190.05

Apoapsis correction ΔV, m∕s 0.14 1.16 53.33 328.47 754.09

Total propulsive ΔV, m∕s 95.36 96.57 154.94 466.31 944.14

Prograde entry

Percentage captured 99.98

Percentage within�50;000 km of target 99.90

Statistics for the 99.98% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 263,169 368,826 381,941 425,621 2,778,000

Peak deceleration, Earth g 4.84 5.31 8.78 12.45 12.78

Peak heat rate,W∕cm2 1,280 1,317 1,489 1,645 1,681

Periapsis raise ΔV, m∕s 14.97 90.93 97.85 101.46 136.46

Apoapsis correction ΔV, m∕s 0.27 1.84 29.65 55.16 590.61

Total propulsive ΔV, m∕s 95.65 97.35 127.43 155.79 605.58

Fig. 19 Apoapsis versus periapsis altitude for reduced atmospheric
uncertainty (prograde entry). Of the cases, 99.9% achieved apoapsis
within 50,000 km of the target.
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if −0.5 ≤ Fminmax ≤ �0.5 is considered acceptable atmospheric
uncertainty, a pathfinder probe is not required to provide satisfactory
apoapsis targeting. However, if available, a pathfinder probe will
provide additional safety margin against unknown atmospheric phe-
nomena not accounted for in theoreticalmodels. Table 10 summarizes
the percentiles for various parameters for the very low atmospheric
uncertainty scenario. For the retrograde entry, the 99.87-percentile
total propulsiveΔV required is 233 m∕s compared with 466 m∕s for
the simulations with −0.5 ≤ Fminmax ≤ �0.5. In both Figs. 20 and
21, the mean apoapsis altitude falls slightly short of the target
400,000 km. This undershoot is attributed to two reasons:
1) The guidance algorithm predicts exit conditions with full lift up.

Once the full lift command is initiated, thevehicle takes a few seconds
to roll from its current orientation to full lift up, but the delay is not
accounted for in the guidance scheme.
2) The estimated density model is not perfect and occasionally

shows significant deviation below the minimum altitude at which a
measurement was available. Further fine-tuning of the guidance
parameters may reduce the targeting errors.

D. Sensitivity to Lift-to-Drag Ratio

The aerodynamic L∕D is the most important vehicle control
parameter for trajectory analysis L∕D [62], and the designer must

account for the effect of variation in L∕D on vehicle performance
[63]. Even though the present study uses L∕D � 0.4 as a nominal
value for blunt-body aeroshells, the flight-derivedL∕D values for the
heritageApollo entry vehicles range from 0.280 to 0.368 [62,64]. For
the purpose of the L∕D sensitivity analysis, a capture probability of
98%, and 75%probability of achieving apoapsis within 50,000 kmof
the target are arbitrarily defined as the required criteria for mission
success. A trade study is performed for L∕D � 0.35 and 0.30 and
various levels of atmospheric uncertainties to see if they offer suffi-
cient control authority. The results are for retrograde entry.
For simulations with −1 ≤ Fminmax ≤ �1, L∕D � 0.35 and

0.30 did not meet the success criteria. To ensure capture for these
cases, the target EFPA is substantially biased toward the steep end of
the corridor. This results in satisfactory capture rates, but it also results
in a large number of cases undershooting the target apoapsis as seen in
the apoapsis altitude statistics in Tables 11 and 12. The study recom-
mends a vehicle with L∕D of at least 0.40 for such large atmospheric
uncertainties if the target apoapsis of 400,000 km is desired. If the
mission designer chooses to accept a wide apoapsis altitude distribu-
tion as listed in Tables 11 and 12, then L∕D � 0.35 and 0.30 may be
sufficient.
For −0.5 ≤ Fminmax ≤ �0.5, L∕D � 0.35 satisfied the success

criteria, whereas L∕D � 0.30 did not. For L∕D � 0.35, only 83%
achieved apoapsis within 50,000 km of the target comparedwith 93%
forL∕D � 0.40. ForL∕D � 0.30, EFPAbiasing is able to once again
provide satisfactory capture rates, but a significant fraction of the
cases undershoot the target apoapsis. L∕D of at least 0.35 is recom-
mended for atmospheric uncertainty of −0.5 ≤ Fminmax ≤ �0.5.
For�0.6 ≤ Fminmax ≤ �0.8,L∕D � 0.35 offers sufficient con-

trol authority as seen in Table 11. One hundred percent of the cases
captured, and the 99.87-percentile total propulsive ΔV required is
250 m∕s. For L∕D � 0.30, EFPA biasing is required to ensure
vehicle capture, but 79% of the cases achieved apoapsis within
50,000 km of the target. The study recommends L∕D of at least
0.30 for �0.6 ≤ Fminmax ≤ �0.8. The results of the L∕D trade
study are summarized in Table 13, and the simulation statistics show
the effect of L∕D reduction in aerocapture performance.

IX. Summary

The present study investigated the feasibility and guidance perfor-
mance of using heritage low-L∕D blunt-body aeroshells for aerocap-
ture atNeptune. Previous studies addressingNeptune aerocapture have
used amid-L∕D vehicle thatwould in turn require the design, develop-
ment, and testing of a new aeroshell before use in planetary missions.
The lack of a mid-L∕D vehicle motivated the investigation of tech-
niques that may allow the use of low-L∕D blunt-body aeroshells that
have been extensively tested and flown. The aerocapture feasibility
chart is used to concisely assess the coupling between interplanetary
trajectory and vehicle performance trade space during preliminary
mission design. Interplanetary trajectories with high arrival V∞ allow
the vehicle L∕D requirement to be lowered while providing signifi-
cantly shorter time of flight to Neptune. An Earth–Jupiter–Neptune
trajectory launching in 2031 with a 7.87-year flight time is selected
as the reference trajectory. Approach navigation analysis using state-
of-the-art techniques have shown that delivery errors can be reduced
compared with previous estimates. A new guidance algorithm with
onboard density estimation is shown to be able to guide the spacecraft
to the desired exit conditions even in worst-case atmospheric uncer-
tainties. The study concludes that the first hybrid aerocapture-
propulsive approach does not allow the use of low-L∕D aeroshells
for acceptable ΔV penalty, though this conclusion holds only for
the 20-day science orbit considered. Smaller science orbits of the order
of 1 day or smaller may use this approach without the prohibitively
large ΔV associated with this approach. The second hybrid approach
alsodoes not allow the useof heritage blunt-body aeroshells. The study
finds that a pathfinderprobe isnot necessary for aerocapture atNeptune
if the risk of apoapsis undershoot is within acceptable limits. The
pathfinder probe is recommended to be used as an option to enhance
the safety margins and probability of mission success, but not as an
enabling option for ice giant missions. Monte Carlo simulation is used

Fig. 20 Apoapsis versus periapsis altitude for very low atmospheric
uncertainty (retrograde entry). Note the significant improvement com-
pared with Figs. 14 and 18.

Fig. 21 Apoapsis versus periapsis altitude for very low atmospheric

uncertainty (prograde entry). The accuracy is significantly improved
compared with Fig. 16, but is similar to Fig. 19.
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to test guidance performance with combined navigation, atmospheric,
and aerodynamic uncertainties.

X. Conclusions

Results indicate that the reduced navigation uncertainty and the
improved guidance scheme enable a heritage blunt-body aeroshell
with L∕D � 0.30–0.40 to perform aerocapture at Neptune. The

expected peak heat rate is in the range of 1600–8150 W∕cm2 and is

within the capabilities of HEEET TPS material which has been

tested upto 8000 W∕cm2. For a vehicle with L∕D � 0.40 entering
retrograde and even with worst-case atmospheric uncertainty, 99.98%
of the cases captured successfully and 75% of the cases achieved
apoapsis altitude within 50,000 km of the target. For the lower
atmospheric uncertainty levels considered, the L∕D of 0.3–0.4 is
shown to provide satisfactory performance. Additional study is
required to estimate the TPS mass fraction of blunt-body vehicles
entering Neptune at planet-relative speeds of 28–33 km∕s.

Table 11 Statistics from Monte Carlo simulation with L∕D � 0.35

−1.0 ≤ Fminmax ≤ �1.0; retrograde entry, EFPA � −11.58 deg (biased to the steep side to ensure capture)

Percentage captured 100

Percentage within�50;000 km of target 44.75

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 26,799 28,526 293,630 441,328 448,812

Periapsis raise ΔV, m∕s 86.67 87.96 124.00 489.27 503.09

Total propulsive ΔV, m∕s 95.09 95.33 344.09 4,023 4,140

−0.5 ≤ Fminmax ≤ �0.5; retrograde entry, EFPA � −11.33 deg

Percentage captured 100

Percentage within�50;000 km of target 83.44

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 73,049 92,774 368,664 436,622 442,759

Periapsis raise ΔV, m∕s 87.30 88.30 101.50 282.54 325.74

Total propulsive ΔV, m∕s 94.63 95.31 154.53 1,840 2,260

�0.6 ≤ Fminmax ≤ �0.8; retrograde entry, EFPA � −10.94 deg

Percentage captured 100

Percentage within�50;000 km of target 90.38

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 287,017 326,223 364,423 407,931 430,583

Periapsis raise ΔV, m∕s 88.54 92.26 101.39 111.37 125.62

Total propulsive ΔV, m∕s 94.00 95.57 162.13 250.46 363.71

Table 10 Statistics from Monte Carlo simulation with very low atmospheric uncertainty

Retrograde entry

Percentage captured 100

Percentage within�50;000 km of target 95.08

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 312,349 333,208 367,388 404,061 421,240

Peak deceleration, Earth g 3.91 5.49 6.68 9.86 10.83

Peak heat rate,W∕cm2 5,535 5,833 6,553 7,226 7,366

Periapsis raise ΔV, m∕s 90.58 93.43 100.93 100.95 117.30

Apoapsis correction ΔV, m∕s 1.65 4.39 55.35 123.59 171.63

Total propulsive ΔV, m∕s 94.89 98.81 156.27 232.77 288.94

Prograde entry

Percentage captured 100

Percentage within�50;000 km of target 99.88

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 205,390 359,571 381,427 421,065 427,788

Peak deceleration, Earth g 6.00 6.40 8.87 11.80 13.16

Peak heat rate,W∕cm2 1,317 1,337 1,468 1,586 1,597

Periapsis raise ΔV, m∕s 89.95 91.36 97.79 105.09 164.91

Apoapsis correction ΔV, m∕s 0.28 0.75 30.51 70.10 543.47

Total propulsive ΔV, m∕s 95.32 95.88 128.38 175.15 708.38
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Appendix: Guidance Parameters

The gain parameters used in the equilibrium glide phase guidance

is computed based on the procedure developed by Cerimele and

Gamble [55]. The vehicle altitude dynamic response can be shown

as

�h� CLS

m
G _h

_h −
CLS

m
G �q� �q − �qref� � 0 (A1)

Equation (A1) can be approximated as a linear second-order

system by assuming �q � ah� b, and the system response is char-

acterized by

ω2
n � −

CLS

m
G �qa (A2)

2ζωn � CLS

m
G _h (A3)

For a vehicle with m∕CLS � 500 kg∕m2 and L∕D � 0.4
entering Neptune atmosphere retrograde with planet-relative

speed V � 33.0 km∕s, EFPA � −11.30 deg, and using full lift up,
the dynamic pressure as a function of altitude is shown in Fig. A1. A

linear approximation can be made for the pressure profile as the

vehicle descends below 300 km, and the aerodynamic forces become

significant. Using ωn � 0.05 rad∕s and ζ � 1.50, the gain parame-

ters can be calculated asG _h � 75.0 andG �q � 7.41. However, adjust-

ing G �q to 3.0 was found to provide better performance and hence

is the value used in the study. These values provided acceptable

vehicle response and were used for all simulations in the present

study, including the prograde cases for consistency. For a vehicle

with different m∕CLS, or for different entry conditions, the above

procedure can be used to recalculate the gain parameters.

Table 13 Percentage captured for various L∕D and atmospheric
uncertainty levels

L∕D

Fminmax range Remark 0.4 0.35 0.30

−1.0 to�1.0 Maximum 99.9% (75%) 100%a (45%) 100%a (20%)

−0.5 to�0.5 Reduced 100% (93%) 100% (83%) 100%a (62%)

0.6 to 0.8 Very low 100% (98%) 100% (90%) 100%a (79%)

Values in parentheses indicate percentage of cases that achieved apoapsis within

50,000 km of the target.
aWith EFPA biasing to the steep side to ensure capture, resulting in apoapsis undershoot.

See Tables 11 and 12 for apoapsis distribution.

Fig. A1 Actual dynamic pressure prole (solid line) and linear approxi-
mation (dashed line) used to calculate guidance scheme gain parameters.
Based on the method developed by Cerimele and Gamble [55].

Table 12 Statistics from Monte Carlo simulation with L∕D � 0.30

−1.0 ≤ Fminmax ≤ �1.0; retrograde entry, EFPA � −11.61 deg (biased to the steep side to ensure capture)

Percentage captured 100
Percentage within�50;000 km of target 20.00

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 5,811 8,815 93,028 441,715 446,133
Periapsis raise ΔV, m∕s 86.89 87.63 280.96 670.02 760.56

Total propulsive ΔV, m∕s 95.54 95.87 1,835 5,781 6,225

−0.5 ≤ Fminmax ≤ �0.5; retrograde entry, EFPA � −11.33 deg (biased to the steep side to ensure capture)

Percentage captured 100
Percentage within�50;000 km of target 61.50

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 54,508 55,198 361,561 426,603 430,035
Periapsis raise ΔV, m∕s 89.25 89.42 103.04 367.21 370.15

Total propulsive ΔV, m∕s 94.53 95.44 169.12 2,770 2,795

�0.6 ≤ Fminmax ≤ �0.8; retrograde entry, EFPA � −10.93 deg (biased to the steep side to ensure capture)

Percentage captured 100
Percentage within�50;000 km of target 79.44

Statistics for the 100% cases captured

Parameter Minimum 0.13 percentile Median 99.87 percentile Maximum

Apoapsis altitude, km 77,679 124,057 363,001 408,606 419,946
Periapsis raise ΔV, m∕s 90.36 92.04 101.56 230.23 309.98

Total propulsive ΔV, m∕s 93.82 95.07 164.97 1,370 2,145
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