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Abstract

Analysis of using Triton as a viable target for aerogravity assist maneuvers has not

previously been thoroughly explored. The current research provides detailed analysis

to determine vehicle configurations and atmospheric entry conditions that could

allow for successful aerogravity assist at Triton to capture into orbit about Neptune.

Simulated trajectories of inflatable decelerators capable of producing lift were used

to estimate vehicle conditions departing Triton. Typical high-thrust, interplanetary

trajectories yield Triton atmospheric entry velocities in the range of 3 km/s to 13

km/s. Using these entry velocities numerical simulations were conducted for a vehicle

similar to the aeroshell in the LOFTID test. Results from the simulations include

parameter sweeps of entry conditions for a number of atmospheric flight scenarios

including ballistic, lifting, maneuvering, and jettisoning. Although tenuous, Triton’s

atmosphere does provide enough energy dissipation and aerodynamic control for

selected scenarios to perform an aerogravity maneuver without violating the overall

heating constraints on the vehicle or penetrating too deeply into the atmosphere.

However, the calculated peak corridor widths are only about 0.48° , requiring further

investigation to widen the corridor and confirm feasibility.
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Chapter 1

Introduction

1.1 Dissertation Layout

The current chapter, Chapter 1, will discuss the goals and motivation for this research.

This will include highlights from a few previous works that provide some background

as to how the overall idea was formulated. This will be followed immediately by

Chapter 2 section whose purpose is to describe how an AGA differs from other

maneuvers, provide more detailed information on the previous works that led to the

decisions for pursuing the current research, and present preliminary research that was

used to find the most favorable conditions for enabling the Triton AGA maneuver.

Next, Chapter 3 will focus on the physical properties of Triton and data used to define

its atmospheric profile because the feasibility of the aerogravity assist maneuver is

wholly dependent on an accurate, up-to-date, atmospheric model. Chapter 4 will

provide an overview of vehicles considered for this study including blunt body re-entry

capsules and high-speed decelerators. Chapter 5 will cover how the trajectories were

simulated. This will include off-the-shelf software used and development of my own

atmospheric trajectory code. Next, Chapter 6 will discuss results for the various types

of trajectories that were simulated. Chapter 7 will give final thoughts of the feasibility

of of using Triton for the focus of an aerogravity assist and the potential for future
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work. Readers can also find more discussion of turn angles, arrival velocities, and

equations used for development of the atmospheric trajectory code in the Appendix.

1.2 Goals of this Research

The objective of this project is to determine the feasibility of using Triton to perform

an aerogravity assist (AGA) to capture a spacecraft into orbit about Neptune. This

maneuver combines a ’gravitational slingshot’ with aerodynamic forces to alter the

vehicle’s trajectory. Drag forces allow the vehicle to reduce its velocity by dissipating

energy; if the vehicle is capable of producing lift, it can also adjust its heading using

lift to augment the turn produced by gravity alone. It is expected that if such a

maneuver is found to be possible, the strategy could be used to deliver more mass into

an orbit about Neptune than could be achieved using a propulsive orbital insertion

or a Neptune aerocapture.

1.3 Motivation

The Neptune system has long been considered a high-priority candidate for further

exploration, having been visited only once during the 1989 flyby of Voyager II.

Although not selected, there have been recent proposals made for Discovery[1] and

Flagship[2] class missions to Neptune system. Due to Neptune’s distance being 30

AU from Earth, missions targeting the Neptune system suffer from a combination of

excessive flight times (on the order of decades) and high energy requirements. In order

to make missions to the Neptune system more desirable, it is necessary to minimize

flight time while capturing into orbit using as little propellant as possible.

Aerocapture, the use of aerodynamic drag to capture an inbound spacecraft at

a target planet, has long been considered as a means to substantially reduce the

propellant requirements for orbital insertion. Benefits of using aerocapture for orbital

insertion has been the focus of many trade studies for mission architectures targeting
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a variety of planets, including the Neptune system[3–10]. Studies conducted in 2004[3,

5] estimated that missions to Neptune could deliver 1.4 times the amount of mass into

orbit when an aerocapture is used compared to a traditional propulsive-only insertion.

In the 20 years since those studies technological advances could even increase the

effectiveness of aerocapture.

However, it is the author’s belief that Triton provides a unique opportunity

to employ an AGA which could rival, or even out-perform, the effectiveness of

a Neptunian aerocapture. Due to Triton’s nearly retrograde orbit, aerocapture

using Neptune’s atmosphere into an orbit well-suited for subsequent manipulation

via Triton flybys requires an entry opposite to the direction of Neptune’s rotation,

resulting in atmosphere-relative entry speeds of 28 km/s to 32 km/s. This results

in a far more severe aerothermal environment than entries in the same direction as

Neptune’s rotation, where atmospheric entry velocities range from 23 km/s to 26

km/s[7].

Preliminary studies[11, 12] revealed that Triton’s very tenuous atmosphere would

not provide enough energy dissipation for an AGA using vehicles with high ballistic

coefficients (capsules). However, the study suggested the maneuver is possible when

combined with trailing inflatable drag devices known as ballutes. These studies

concluded by suggesting future research should include “low ballistic coefficient

aeroshells, such as those with inflatable skirts”[12] which are preferable to trailing

ballutes. In late 2022, an aeroshell matching this description was successfully flight

tested by NASA and was called the Low-Earth Orbit Flight Test of an Inflatable

Decelerator (LOFTID). The LOFTID aeroshell is the platform which the current

study will use to perform an analysis of the feasibility of an AGA at Triton to capture

a spacecraft into orbit about Neptune.
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Chapter 2

Background

Large amounts of energy are required to reach planets in the outer solar system. As a

consequence, vehicles propelled through traditional high-thrust boosters are going to

have high excess velocities upon arrival. Capturing into stable orbits at these bodies

requires a spacecraft to adjust its velocity vector typically through propulsive ∆V

maneuvers. Another way for a spacecraft to alter its velocity vector is by plunging

into a planet’s atmosphere and leveraging the vehicle’s aerodynamics. However, these

atmospheric maneuvers are still only theoretical and have never been attempted

during actual missions.

Three techniques to leverage aerodynamics during mission planning are referred to

as aerobraking, aerocapture, and aerogravity assist. Aerobraking is slightly different

than the other two because a spacecraft performs an aerobrake after it has already

been captured into orbit. The purpose of an aerobrake maneuver is to adjust its orbit

by reducing its energy through drag forces, thereby lowering its apoapsis altitude.

Aerocapture and aerogravity assist (AGA) are performed when the spacecraft is still

on its hyperbolic trajectory. Aerocapture is the correct term for using the atmosphere

of the capturing planet to dissipate enough energy so the spacecraft is no longer in

a hyperbolic trajectory but in an elliptical orbit. Aerogravity assist is the focus of

the current work and is coined for a maneuver that uses the gravitational well and

4



atmosphere of some celestial body but allows the spacecraft to maintain a hyperbolic

trajectory with respect to the assisting body. Simplified diagrams displaying the

differences between aerocapture and aerogravity assist can be seen in Fig. 2.1 and

Fig. 2.2.

When performing an AGA it is necessary to define a theoretical corridor width

(TCW). Finding this corridor width requires defining a set of entry conditions that

will provide a suitable outbound trajectory. In addition, the atmospheric flight will

typically have other constraints to ensure the survivability of the vehicle such as a

minimum altitude limit and structural loading and heating from the aerodynamics.

It is reasonable to be conservative with minimum altitude limit to avoid impacting

the planetary surface or unknown geologic features since detailed topography may

be unavailable prior to arrival. Because the atmospheric trajectories happen at high

velocities aerodynamic heating is also a concern. The edges of the entry corridor are

known as the overshoot and undershoot boundaries and are displayed in Fig. 2.3.

The overshoot boundary is simply defined as the shallowest entry angle needed to

achieve the desired outbound conditions. This boundary can be found by flying the

Figure 2.1: Simplified diagram of a 2D, equatorial aerocapture maneuver.
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Figure 2.2: Simplified diagram of a 2D, equatorial aerogravity assist maneuver.

Figure 2.3: Diagram displaying the boundaries that define an entry corridor.
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vehicle at an angle of attack, generating lift. However, this must be done at a bank

angle of 180°, pointing the direction of the lift vector towards the planetary surface.

The undershoot boundary is the steepest allowable entry angle that can be flown

while staying within the previously mentioned altitude, heating, and deceleration

constraints. Initially, the undershoot boundary can be found by flying the vehicle at

full lift-up orientation. The undershoot can also be varied by allowing the vehicle to

maneuver under certain conditions. During the atmospheric trajectory if the vehicle

hasn’t dissipated enough energy to meet the desired outbound conditions, it may

be necessary to perform some maneuver that will allow further energy reduction.

While the vehicle is flying at maximum lift it may bank the lift vector about its

relative velocity vector to maintain magnitude of the lift vector but change its

direction. As long as the vehicle stays above the minimum altitude limit and below the

aerodynamic heating and structural loading limits, any number of these maneuvers

can be completed to stay low in the atmosphere and dissipate enough energy to meet

the desired outbound conditions.

2.1 Previous Work

Benefits of using an aerocapture for orbital insertion has been the focus of many

trade studies for mission architecture. One such study by Hall et. al.[3] looked at

orbital insertion for missions to Venus, Mars, Jupiter, Saturn, Titan, Uranus, and

Neptune. The cost of orbital insertion via chemical propulsion was compared to

aerobraking and aerocapture maneuvers. For the majority of mission designs studied

aerocapture was shown to enhance the mission by increasing the deliverable mass

and decreasing transit time. A few missions to Jupiter, Saturn, Titan, Uranus, and

Neptune were even shown to only be achievable through aerocapture. However, the

study also concluded that there are instances, although very few, where aerocapture

delivers less mass to the target than propulsive orbital insertion. This happens to

be the case when the required ∆V for inserting to the parking orbit is low but the
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atmospheric entry velocity is high. This means the mass savings gained by decreasing

the propulsive ∆V requirements must go to bolstering the thermal protection system

(TPS) because the aerodynamic heating will be more severe.

An early trade study by Noca and Bailey[4] compared transfers to Neptune using

combinations of chemical propulsion, solar electric propulsion (SEP), gravitational fly-

bys, and aerocapture using either the Delta IV H or Atlas 551. Noca and Bailey[4]

demonstrated how the flight times can be reduced by combining different methods but

the methods result in large C3 values and high inertial entry velocities at Neptune. C3,

also referred to as the characteristic energy, is a term commonly used to represent the

amount of energy needed to enter into an interplanetary transfer ellipse[13]. The most

favorable scenario they reached for the Delta IV H was using SEP for the Earth-to-

Neptune transfer orbit with an aerocapture at Neptune. The cruise time to Neptune

was 10.2 years, inertial entry velocity of 29 km/s, and an orbital payload mass of 790

kg.

A companion study on the aerocapture system was presented by Lockwood[5]

and focused on designing an aeroshell that could successfully complete a mission

when considering a variety of factors including flight time to Neptune, net mass

delivered, entry velocity, aerodynamic requirements (L/D, TCW), and aeroheating.

The study was a multi-disciplinary effort involving NASA staff from Ames Research

Center (ARC), the Jet Propulsion Laboratory (JPL), Johnson Space Center (JSC),

Marshall Space Flight Center (MSFC), and led by Langley Research Center (LaRC).

This study was able to design a mission architecture using an aeroshell with a mass

fraction around 40-45% for the aerocapture as opposed to nearly 60% for a traditional

propulsive orbital insertion. Ultimately, using aerocapture was shown to be capable

of delivering 40% more mass into orbit about Neptune than similar launch vehicle

that uses only propulsion systems[5].

More recent studies conducted by Girija et al.[9, 10] present results of a thorough

analyses of aerocapture at Neptune to include an orbit sufficient to conduct scientific

observations on Triton. The analysis included aerodynamic, GNC, heat loading
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considerations, and suggests a hybrid propulsive-aerocapture at Neptune, and using

a pathfinder probe sent ahead of the main vehicle by several weeks to transmit

atmospheric data before the main vehicle reaches its aerocapture intercept point.

In 2004, Ramsey and Lyne[11, 12] proposed using an aerogravity assist (AGA)

at Triton to capture a spacecraft into orbit about Neptune. The use of a Triton

AGA instead of a direct aerocapture in Neptune’s atmosphere would greatly reduce

the atmospheric entry speed, since the spacecraft would not enter as deeply into

Neptune’s gravity well and could be traveling roughly in the same direction as

Triton’s motion. This same method was proposed for use at Titan for orbital capture

about Saturn at least as early as 1990[14]. Numerous studies since that time have

explored the concept more fully for the Saturn system, evaluating guidance and

control, aerothermal heating, and other issues[7, 11, 12, 14–20]. Because of its high

atmospheric density coupled with a large-scale height and weak gravitational field,

Titan is an ideal location for such a maneuver, and studies have indicated that low

L/D, capsule-type configurations would likely be sufficient.

Triton, however, has an atmospheric density four orders of magnitude lower than

Titan, making a successful AGA much more challenging. Largely as a result of this

low atmospheric density, previous work[11, 12, 15] indicated that a capsule would

probably not be sufficient but a probe tethered to an inflatable drag device known as

a ballute might execute the maneuver successfully.

2.2 Setup and Scoping

It was important to understand the range of potential arrival conditions to the

Neptunian system to find reasonable input values for the Triton atmospheric

simulations and constrain the output values that were needed. A Hohmann transfer

was used to define the slowest arrival conditions. Since the Hohmann transfer uses

the smallest ∆V to transfer between coplanar orbits it also means long flight times.
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This type of transfer from Earth to Neptune yields an arrival V∞ of approximately

4.1 km/s and a flight time of about 30 years.

With this in mind, fellow graduate student, Allison Carroll, was able to generate

some preliminary trajectories using a software called Mission Analysis Environment,

or MAnE[21]. MAnE is well-suited to for high-level interplanetary mission design due

to its ease of use and ability to optimize trajectories based on user defined constraints.

These constraints include various departure and arrival conditions, flight times, and

even deep space maneuvers. However, when determining the heliocentric trajectory

the models utilize a patched-conic approach assuming only a heliocentric gravitational

component [22]. A caveat to this is when a propulsive maneuver is required at a solar

system body during the trajectory. Then the propulsive requirements and spacecraft

motion are adjusted. By its own admission[22], MAnE is not well-suited to describe

encounters with planetary satellites, but it can provide trajectories to the sphere of

influence of said planet.

MAnE was used to generate interplanetary trajectories with flight times as low

as 12 years and up to the 30 years. The arrival velocities were then used to estimate

minimum and maximum atmospheric entry velocities at Neptune and Triton. The

minimum entry velocities occur when the vehicle is moving in the same direction as

the planet’s orbital and rotational motion. Conversely, a retrograde insertion results

in higher relative velocities seen by the vehicle and produces the maximum entry

velocities.

Plots showing the launch energy calculated by MAnE needed to enter into the

transfer ellipse along with the arrival velocity at the Neptunian system are shown in

Fig. 2.4. The filled, black circles represent direct Earth to Neptune trajectories

while the filled, blue diamonds represent Earth to Neptune trajectories utilizing

a gravitational assist at Jupiter. Additionally, the launch dates for the 24 to 30

year direct transits were in mid to late June of 2031, the 20 and 22 year direct

transits require launch dates in early to mid June of 2032, and all the Jupiter assist

transits were calculated for launch dates in mid April of 2032. For the direct transit
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Figure 2.4: Left: Range of characteristic energy (C3) needed to enter into the
transfer ellipse. Right: Vehicle velocity at arrival to the Neptunian system.

transfer, the inertial velocity at Neptune are shown in Fig. 2.5 with the corresponding

minimum and maximum entry velocities as a function of transit time.

The atmospheric entry speed at Triton depends on the probe’s arrival excess

speed at the Neptune system as well as the relative alignment of the probe’s velocity

vector and Triton’s orbital motion at the time of the intercept (θi). The diagram

shown in Fig. 2.6[23] shows relative orientations of Triton’s orbital velocity vector

(VTr) and the probe’s velocity vectors at Triton’s orbital distance before (VP,i) and

after (VP,o) the AGA maneuver in the Neptune reference frame. The inbound and

outbound hyperbolic velocity vectors in Triton’s reference frame are also shown as

V∞,in and V∞,out, respectively. The probe’s change in velocity from performing the

AGA is labeled as ∆V and is the same in either reference frame. Prior to the AGA

maneuver, the angle between Triton’s velocity vector and the probe’s Neptune-centric

velocity vector is shown as θi. The turn angle achieved in the Triton reference frame

is labeled as δ and is the angle between the vectors V∞,in and V∞,out. Lastly, ϕ is

shown to be the angle between Triton’s velocity and the probe’s outbound velocity
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Figure 2.5: Inertial velocity along with minimum and maximum entry velocities for
Neptune and Triton as a function of direct transit time.

V∞,in

θi

ϕ

δ

VP,i

VP,o

V∞,out

VTr

∆V

Figure 2.6: Diagram of relative velocity vectors during the Triton approach.
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with respect to Triton. Discussions on calculating δ for gravitational assist with, and

without, atmospheric drag can be found in Appendix A.

Based on prior studies of Neptune aerocapture in conjunction with reasonable

limits on the anticipated aerothermal heating, we considered Triton atmospheric entry

speeds ranging from 3.0 km/s to 14.0 km/s [5]. Hyperbolic excess speeds close to the

higher end of that bounds will have a smaller window of relative angles in which a

capture will happen.

We can also determine reasonable boundaries for the outbound velocity from the

Triton-AGA that will capture into the Neptune system. Using Eq. 2.1, the escape

velocity at Triton’s orbital distance is ∼6.2 km/s.

VEsc =

√
2µN

RTr

(2.1)

Subtracting Triton’s orbital velocity of ∼4.39 km/s from the escape velocity at

Triton’s orbital distance gives a velocity of 1.81 km/s. Any object leaving Triton

with a hyperbolic excess velocity at or below 1.81 km/s will capture into the Neptune

system regardless of its direction of travel. If instead, we sum Triton’s orbital

velocity and the escape velocity, we find a velocity of 10.59 km/s. Without further

intervention, any object leaving Triton with this higher hyperbolic excess speed

will never capture into the Neptune system. Any object departing Triton with a

hyperbolic excess speed between 1.81 km/s and 10.59 km/s may capture into the

Neptune system (again without intervention) depending on the direction it is traveling

relative to Neptune. A plot showing the relative angles for capturing into Neptune’s

system is shown in Fig. 2.7.
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Figure 2.7: Post-AGA Neptune-centered velocity as a function of alignment of V∞,o

with Triton’s velocity vector (180-ϕ).
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Chapter 3

Triton Properties

Triton, originally discovered by William Lassell in 1846, is the largest moon orbiting

Neptune and is an interesting but challenging candidate for employing an aerogravity

assist maneuver. Reasons that make Triton amenable to an AGA are its nearly

retrograde orbit, an atmosphere dominated by diatomic nitrogen, and a lack of

prominent surface variation[24].

Due to Triton’s nearly retrograde motion with respect to Neptune, the target

capture orbit would need to be traveling in roughly the same direction as Triton.

Lastly, minimal surface variation allows for deeper penetration into Triton’s atmo-

sphere with reduced risk of impacting protruding surface features leading to relaxed

corridor width constraints. In addition, Triton is tidally locked in its orbit about

Neptune with a period of about 5.87 days with an orbital velocity of 4.39 km/s. An

image of Triton taken by Voyager II[25] is shown in Fig. 3.1, while other physical

properties about Triton and Neptune can be found in Table 3.1.

One of the largest uncertainties about Triton is the state of its tenuous atmosphere.

Due its distance from Earth (∼30 AU) Triton’s atmosphere has only been observed

by spacecraft once. Prior to the Voyager II flyby, all that was known about Triton’s

atmosphere was that it contained N2 and CH4 which were observed through the

infrared spectrum. Voyager II passed the Neptune-Triton system on August 25, 1989

15



Figure 3.1: Image of Triton taken by Voyager II[25].

Table 3.1: Physical Properties

Triton Neptune
Focal Point Neptune Sun
Mass, kg 2.139E+22 1.024E+26

Radius, km 1352 24770
µ, km3/s2 1.428E+03 6.835E+06

Period, days 5.876E+00 6.019E+04
Distance From Focal Point, km 3.548E+05 4.496E+09

Sphere of Influence, km 1.196E+04 8.659E+07
Orbital Velocity, km/s 4.390 5.430
Escape Velocity, km/s 1.450 23.49
Orbital Eccentricity 0.0 0.0097

Inclination w.r.t. Ecliptic, degrees 129.8 1.77
Obliquity to Orbit, degrees 0.0 28.32
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and captured measurements of Triton’s atmosphere using its Radio Science System

(RSS) [26] and Ultraviolet Spectrometer (UVS) [27]. Occultation measurements

taken by the RSS and UVS made it possible to construct initial altitude profiles

of temperature and number densities of N2 and CH4. In addition to the presence of

N2 and CH4, Triton’s atmosphere contains trace amounts of carbon monoxide and

other hydrocarbons[28]. In short, an occultation happens when one body passes in

front of another, blocking all of the light from the distant body. Light from the distant

body is then scattered by the occulting body. Stellar occultations happen when a

body passes in front of a bright star and solar occultations are when the light from our

Sun is blocked. Radio occultations occur when spacecraft transmit radio signals to

penetrate an atmosphere or ring system [29]. Occultation measurements can be used

to reveal properties such as body size and atmospheric profiles of species abundance,

temperature, pressure, and density [29, 30]. For a thorough explanation of occultation

techniques for planetary atmospheres it is recommended to review the discussion by

Elliot and Olkin [30]. Conditions for occultation measurements for Triton are rare.

As such, there have only been a few measurements taken since the Voyager II flyby.

Detailed analysis of the Voyager II measurements are reported by Broadfoot[27],

Yelle[31], and Krasnopolsky[32]. A number of papers have been published detailing

the results of the occultations since the Voyager II measurements [33–38]. In addition,

there have been others that have attempted to use the occultation data to build

numerical models of Triton’s atmosphere [28, 39].

In general, it is accepted that Triton’s atmosphere is very cold. The temperature

at the surface is reported to be ∼38 K in the surface frost[27, 31, 32, 34, 40] and 50-57

K in the surface dark areas [34]. Models from Elliot[34] and Krasnopolsky[32] show

a slight decrease in temperature to 37 K when increasing altitude to 10 km. Above

10 km the temperature does increase and has been reported to be approximately 102

K near an altitude of 600 km [32, 33]. Triton’s atmosphere is also highly rarefied

having a mass density at the surface on the order of 10−4 kg/m3 which is roughly

equivalent to Earth’s atmospheric density at an altitude of about 66 km. The surface
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pressures are also very low and have been a source of contention as indicated by the

variability in reported values. Surface pressures from various studies were compiled

by Oliveira et al. [37] and Bertrand et al. [41], and have been recreated in Table

3.2. Additionally, Table 3.3 shows how Triton’s atmospheric composition and surface

properties compare to Earth and Titan. Recent observations and volatile transport

modeling (VTM)[41, 42] do not agree with the spike in surface pressures reported for

the occultations that occurred in 1995 and 1997 and seem to imply a more stable

atmosphere than previously believed.

The previous atmosphere model used by Ramsey and Lyne [11, 12, 15, 44] was

developed using the pressure as a function of altitude presented by Elliot [45]. The

current research uses an updated model based upon more recent information based

on stellar occultations and computational models[28, 37, 39, 41, 46].

The density profile chosen to implement was taken from Strobel et al. [39]. The

profile designated as Triton-3 was shown to provide the best agreement with observed

measurements of tangential N2 column number density [39] and was therefore chosen

for this study. The digitized profile begins at an altitude of 2km and extends to ∼1000

km and shows a density range of 1.34E-04 kg/m3 to 1.1E-13 kg/m3. Since the density

spans several orders of magnitude Fig. 3.2 is shown with the x-axis on a logarithmic

scale. An advantage of this density profile compared to the one used in previous

Triton-AGA studies is the extended altitude. As a source of comparison, the density

from Strobel [39] below 150 km altitude is plotted with the profile used previously by

Ramsey and Lyne and is shown in Fig. 3.3. After quantifying the density profile it

was important to characterize the possible flow regimes. This is normally calculated

using the Knudsen number (Kn) shown in Eq. 3.1

Kn =
λ

l
(3.1)
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Table 3.2: Surface pressures on Triton

Date Surface Pressure (Pa) Reference
25-Aug-1989 1.4 ± 0.2 Gurrola [43]
14-Aug-1995 1.7 ± 0.1 Olkin et al. [33]
18-Jul-1997 2.28 +0.54

−0.36 Elliot et al. [34], Oliveira et al. [37]
2.68 ± 0.34

04-Nov-1997 2.11 ± 0.02 Elliot et al. [36]
21-May-2008 1.38 +1.24

−0.44 Oliveira [37]
05-Oct-2017 1.41 ± 0.04 Oliveira [37]

Table 3.3: Atmospheric Comparisons

Quantity Earth Titan Triton
N2 78% 97% 99.9723%
CH4 0.0002% 3% 0.00359%
H2 0.0001% 0.2% 0.01841%
CO2 0.0384% 0.0010% -
C2H6 0.0002% 0.002% -
C2H4 0.0004% 0.0010% -
N - - 0.00531%
H - - 0.00041%

PSurf (Pa) 101325 150 1.6
ρSurf (kg/m3) 1.225 - 1.34E-4

19



Figure 3.2: Total Mass Density Developed from Strobel and Zhu[39].

Figure 3.3: Mass Density Developed from Strobel and Zhu[39] compared to previous
aerogravity assist study[11, 12, 15].

20



where λ is the mean free path for the collision of molecules and l is the vehicle’s

characteristic length. The mean free path was determined using Eq. 3.2

λ =
1√

2πd2n
(3.2)

where d is the molecular diameter and n is the number density. It should also be noted

that Eq. 3.2 uses the assumption of a high average velocity. Diatomic nitrogen was

used to determine the parameters for the mean free path since Triton’s atmosphere

is more than 99.9% N2. Because of this, d was assumed to be equal to N2’s kinetic

diameter of 364E-12 m and the mass density profile was converted to number density

assuming N2’s molar mass of 28 g/mol.

Instead of calculating the Kn for a given body size, Eq. 3.1 was rearranged to

explore required body sizes for different Kn thresholds. Though no sharp boundaries

exist between flow regimes, it is accepted that the continuum regime exists when Kn

<= 0.01, continuum with slip effects when Kn > 0.01 and Kn <= 0.1, disturbed

free molecular flow flow for Kn > 0.1 and Kn <= 10, and free molecular flow when

Kn > 10[47]. As the Kn increases, moving from the continuum regime towards free

molecular, it is necessary to include kinetic theory in the flow field considerations.

Figure 3.4 shows the required body length needed for each flow regime for any given

altitude. Figure 3.5 shows the calculated Kn for a LOFTID vehicle with an inflated

diameter of 6 m and shows that continuum aerodynamics should be valid for a

LOFTID-type vehicle at an altitude of 86 km and below.
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Figure 3.4: Body length required for each flow regime as a function of altitude as
defined by lines of constant Kn.

Figure 3.5: Kn bounds for a vehicle with a 6 m diameter.
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Chapter 4

Vehicle Considerations

Rigid aeroshells have been the focus of space missions since man first started launching

hunks of metal into outer-space and have been vital to the development of the space

program. However, recent advancements in other high-speed decelerators have shown

the possibility of migrating from rigid aeroshells like the Viking and Pathfinder

capsules. These advances come in the form of Deployable Entry Vehicles (DEV)

and have been identified as a core technology investment area by NASA’s Entry,

Descent, and Landing group in 2017[48]. In a whitepaper by Cassell[49], two DEVs are

described and include inflatable decelerators and mechanically deployed decelerators.

The idea of using an inflatable drag device has been around as early as the 1960’s

when the Goodyear Company coined the term ”ballute” (a portmanteau of balloon

and parachute)[50].

4.1 Ballute Background

In 2000, a review by Hall[51] discussed various ballute configurations that had been

studied for planetary aerocapture. The designs mentioned include cocoons, clamped,

and towed ballutes. Hall suggests that the cocoon type ballutes are undesirable, citing

an earlier study by Park[52] where cocoons were given an overall rating of ’Very

bad’ due to it providing poor navigability, stability and control, radiative heating,
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convective heating, and inability to make multiple passes. Another issue for cocoons

mentioned by Hall is removing the cocoon during flight can be complicated because

the membrane needs to avoid any protruding vehicle components. For these reasons

cocoons will not be discussed further for this study.

Towed ballutes in the form of high-speed parachutes[53–55] or inflatable devices[11,

12, 15, 44, 56–59] have been the focus of many previous studies. Using a towed

drag-device is advantageous because it can provide significant separation from the

body making detachment easier during flight. While having the separation between

the spacecraft and towed ballute is an advantage it does introduce some added

complications. The first of which is the tether used to bind the ballute to the vehicle.

High-fidelity DSMC simulations were completed by Moss[58] showing that for string-

like tethers of diameter 1-cm and 1-mm the tethers were subject to higher heating

rates and surface temperatures than the rest of the ballute system. In addition

to the heating, the ballutes must be correctly sized to avoid shock impingement

emanating from the spacecraft. For something like a toroidal ballute this could be

done by adjusting the tether length in combination with inner diameter of the torus

to ensure the unsteady wake is swallowed by the ballute instead of interacting with

the ballute surface. Lastly, the scale of the fully deployed ballute system makes it

difficult to conduct ground testing. Experiments matching the velocity and enthalpies

at hypersonic or high speeds is already prohibitively expensive when considering only

a small test article. Adding a lengthy tether for a towed ballute may make ground

testing undesirable or even intractable.

Before moving on to the actual vehicle configuration that is the basis for this study,

two other drag techniques from the literature are worth mentioning. The first is by

using an aerocapture tether and the second is using magnetohydrodynamics (MHD).

The aerocapture tether differs from a towed ballute because instead of the drag device

following behind the vehicle the vehicle remains higher in the atmosphere, deploying

the drag device on long tether, and allowing it to penetrate deeper into the atmosphere

to generate the aerodynamic drag needed to dissipate energy. A comparison study
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conducted by Gates[60] showed that in some scenarios a tethered aerocapture can

provide more mass savings than a traditional ballute aerocapture but more studies

are needed to fully explore the feasibility of using tethers.

Using MHD appears to be an emerging technology that could be used to augment

aerodynamic drag[61–63]. The severe aerothermal environment created during the

atmospheric traversal can create a plasma enveloping the spacecraft. Reactionary

forces to this plasma can be created through the use of powerful onboard (or

tethered) electromagnets[61]. Force control through the use of these MHD devices

can augment aerodynamic drag by approximately 50%[64] and are of particular

interest because they are less dependent on atmospheric density allowing them to be

used at high altitudes in rarefied atmospheres[62]. This type of force control would

allow the vehicle to dissipate energy higher in the atmosphere where the stagnation

point heating rates would be lower. In addition, Kelly[61] mentions the ability to

continuously vary the current to the electromagnets and, effectively, continuously

modulate the drag augmentation.

4.2 LOFTID Aeroshell

Finally, we arrive to the drag device configuration for the current study which is

based on the LOFTID aeroshell. The aeroshell’s forebody is a 70° sphere-cone, and

when inflated, has a diameter of 6 m[65]. The LOFTID aeroshell was derived from

a series of suborbital flights known as the Inflatable Re-Entry Vehicle Experiments

(IRVE) and is in a class of vehicles known as Hypersonic Inflatable Aerodynamics

Decelerators (HIAD)[65]. A diagram containing the diameter and nose radius of the

inflated aeroshell presented by Hollis et. al.[66] is illustrated in Fig. 4.1 . The normal

and axial force coefficients digitized from a report by Korzun et. al.[65] is displayed

in Fig. 4.2. The normal and axial force coefficients are plotted as a function of

Mach number with the colored lines representing constant angle of attack. A note

about the force coefficients is the axial force coefficient for angle of attack equal to
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Figure 4.1: Diagram of the inflated LOFTID aeroshell (image from Hollis et. al.[66]).

0 was coincident with the line for angle of attack equal to 2° and the normal force

coefficient for 0° angle of attack was 0 for all ranges of Mach. This is why they are

indistinguishable in the figures.

The LOFTID RV successfully separated from the United Launch Alliance (ULA)

Atlas V rocket during its flight in November 2022. From the trajectory reconstruction

by Karlgaard et. al. [67] from separation from the launch vehicle to splashdown,

the total flight time of the LOFTID aeroshell was approximately 56 minutes. The

aeroshell reached the atmospheric interface at an altitude of 125 km about 31 minutes

after separation with an entry velocity of 7.95 km/s and entry angle of -2.29°. During

the 6 minutes and 46 seconds after entering the atmosphere the LOFTID aeroshell

was subjected to a peak heating of 39.77 W/cm2, a peak deceleration of 8.98 g’s,

and a peak dynamic pressure of 2.08 kPa[65]. The RV then ejected the data module,

continuing to decelerate until finally deploying the parachute ultimately splashing

down in the Pacific Ocean. Both RV and data module were recovered.
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Figure 4.2: Axial and normal force coefficients of the LOFTID RV (digitized from
Korzun et. al.[65]).

Table 4.1: LOFTID Vehicle Parameters

Vehicle Design
Inflated Diameter (m) 6[65]

Cone Half-Angle (degrees) 70[65]
Nose Radius (m) 1.715[65]
Entry Mass (kg) 1100[65]

Max Allowable Heating (W/cm2) 60[65]
CD at α = 0 1.69[66]
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Chapter 5

Methodology

Completing the simulations required the use of multiple off-the-shelf software suites

and custom developed codes. These software packages included the previously

mentioned MAnE, POST (the Program to Optimize Simulated Trajectories), and

SPICE (Spacecraft Planet Instrument C-matrix Events).

5.1 Simulation Setup

Initially, the simulated trajectories through Triton’s atmosphere were conducted

using the NASA software called POST (The Program to Optimize Simulated

Trajectories)[68]. The POST simulations served as the basis for the preliminary study

by Brisby and Lyne [23] that considered only non-lifting trajectories. Afterwards it

became necessary to develop a program for simulating trajectories which will be

discussed later. However, to make the transition to the new code easier it was

developed to use similar inputs and models as POST. The following sections present

the models used for the simulations and values used for the various parameters, along

with any assumptions needed for justification.
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5.1.1 Triton Physical Parameters

Due to Triton being nearly spherical, a zonal harmonic model should have little effect

on the gravitational acceleration. However, these values were inherited from the

previous studies by Ramsey and Lyne [11, 12] so they were used in the current study

as well. The value of the J2 term was 4.9E-05 while J3-J8 were 0. In addition to these

values being carried over from previous simulations, references for where those values

originated could not be located. The gravitational parameter, equatorial radius, and

polar radius were set to 1.4278E+3 km3/s2, 1352 km, and 1352 km, respectively.

Lastly, the rotational velocity was set to 1.2E-05 rad/s because, as mentioned in

Chapter 3, Triton is tidally locked in a synchronous orbit about Neptune with a

period of ∼5.87 days.

5.1.2 Vehicle Initial Position and Velocity

All simulations began with entry conditions specified at an altitude of 1029 km and

a due east, equatorial entry. However, the inertial velocity and flight path angle at

the atmospheric interface were varied to conduct parameter sweeps to find favorable

outbound conditions. In general, inertial velocities between 3.0 km/s and 14.0 km/s

and entry angles between -45.0° and -57.0° were used to explore the parameter space.

The initial position for entry was used because it corresponded with the highest

altitude from the atmospheric profile that was digitized from the study by Strobel and

Zhu [39]. The decision of a due east, equatorial entry was to simplify the trajectories

while determining the feasibility of this maneuver. For planning a full mission the

atmospheric entry point and heading would depend on the preceding interplanetary

trajectory. The velocities were chosen based on the previously mentioned studies[5]

while the flight path angle boundaries were selected to provide a range of atmospheric

trajectories that would potentially contain the overshoot and undershoot boundaries

for an entry corridor width.
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5.1.3 Initial Vehicle Orientation

Vehicle parameters were chosen to represent similar performance to what was

demonstrated by the LOFTID aeroshell. The mass and reference area were input to

be 1100 kg and 28.27 m2 which match the fully inflated 6 m diameter, 70° sphere-cone

geometry[65]. Aerodynamic coefficients were selected based on the continuum axial

force coefficients reported by Korzun et. al. [65]. For the non-lifting simulations,

the lift and drag coefficients, CL and CD, were set to 0.0 and 1.69, respectively.

These values assume the aeroshell maintains no angle of attack, sideslip, and bank

throughout the atmospheric trajectory. For the lifting simulations the CL value was

input as 0.3 and assumed a 10° angle of attack, 0° sideslip, irrespective of bank angle.

5.1.4 POST Workflow

POST was installed on a Unix server that was housed by the University’s IT

department and approved users were only permitted to execute the compiled program

which meant the only way to interact with the POST software was defining the

parameters in the input file. The workflow began by running a single trajectory with

the desired input conditions and running a secondary post-processing tool to generate

a text file containing the time-history of predetermined variables for the trajectory.

The files would then be downloaded from the Unix server for further post-processing

that included calculating the aerodynamic heating, determining the turn angle, and

extracting the minimum altitude reached. To expedite the process, a bash script

was written to loop through the desired velocity and entry angles and generate the

trajectory output files. This process was used to complete the simulations with the

vehicle at at zero angle of attack, producing no lift. Once the non-lifting trajectories

were completed the next thing to do was allow the vehicle to produce lift to begin

searching for the corridor width. Early in this process the Unix server on which

POST was installed suffered a hardware failure and became unavailable for further

simulations.
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5.1.5 Code Development

While coordinating the hardware repair, it became clear that the timeline for

getting the Unix server back in operation was longer than expected. In the

downtime of waiting for repairs the author was able to develop my own trajectory

simulation program. While planning how to approach the development of this new

code the author decided to use the same models used in POST[69] to ensure the

trajectories were being calculated correctly. This included using the Fisher model for

calculating the non-spherical gravitational acceleration, a point-mass representation

of the aerodynamic forces, and a 4th-Order Runge-Kutta algorithm to propagate the

trajectories.

The newly developed program was written in FORTRAN due to its speed and

lack of licensing requirement. The code takes as input the initial state vector of

the vehicle in the inertial reference frame. At each step during the trajectory a non-

spherical gravitational model is used to update the vehicle’s state-vector in the inertial

reference fame. The aerodynamic forces are calculated first in the body-frame with

the user supplied mass, surface area, aerodynamic coefficients (CD, CL), and vehicle

orientation (current angle of attack, sideslip, and bank angle). These forces were

added to the inertial acceleration by first dividing them by the vehicle mass and

rotating the components into the inertial reference frame. More information about

the logic and equations used for developing the code can be found in the appendix.

After implementing these primary capabilities into my code, comparisons were

done with trajectories that had been previously calculated using POST. Figures 5.1

and 5.2 show trajectory comparisons between the two codes. The trajectories shown

in Fig. 5.1 represent a shallow atmospheric entry flight path angle of -52.0° and an

entry velocity of 5 km/s. These conditions were chosen to result in a trajectory that

would be marginally affected by aerodynamic forces. The plots on the top show the

flight path when the vehicle orientation is at 10° angle of attack and 180° bank angle,

’Full Lift Down’. The middle plots show the trajectory assuming the vehicle is at 0
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Figure 5.1: Time history plots of velocity and altitude for a vehicle entering Triton’s
atmosphere at 5 km/s and angle of -52.0°. Solid black lines represent the POST
trajectory while the blue circles are what were produced from the newly developed
code.
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Figure 5.2: Time history plots of velocity and altitude for a vehicle entering Triton’s
atmosphere at 5 km/s and angle of -54.0°. Solid black lines represent the POST
trajectory while the blue circles are what were produced from the newly developed
code.

33



angle of attack, producing no lift. Lastly, the plots on the bottom show the flight path

of the vehicle when at 10° angle of attack but 0° bank angle, ’Full Lift Up’. Figure 5.2

shows the flight paths of a vehicle also entering the atmosphere at 5 km/s but at a

slightly steeper flight path angle of -54.0°. The velocity and altitude plots show very

good agreement suggesting that the new trajectory code is accurately calculating the

aerodynamic forces and applying them in the correct directions. A comparison of the

inertial accelerations can be found in Fig. 5.3 and shows aerodynamic loads are the

dominant contributor to the forces acting on the vehicle for a large portion of the

AGA.

Figure 5.3: Comparison of the components of acceleration in the inertial frame
for a vehicle entering Triton’s atmosphere at 5 km/s and angle of -54.0°. Black
lines represent the gravitational component while the blue line is the aerodynamic
component.
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It should be noted that no attempt was made during this development to provide

a feedback loop to the vehicle for reaching steady-level flight. The trajectories follow

only the pre-programmed aerodynamics defined in the input file. After verifying

that the trajectories were being calculated correctly using only a single aerodynamic

configuration (non-maneuvering, constant mass, and constant surface area) changes

were made to allow for simple maneuvering and changes to the vehicle parameters

during the flight.

The first of these was to allow the vehicle to perform a banking maneuver at some

predetermined altitude during the trajectory. For capsule-type vehicles, cranking the

lift vector through applying a bank angle allows the vehicle to adjust its heading

while maintaining the magnitude of lift being produced[70]. Currently, only a single

banking maneuver can be done and requires the user to specify the total change in

the bank angle, duration over which to apply the bank angle, and finally the altitude

at which to begin the maneuver.

The second change to the vehicle parameters that can be done during the

trajectory is setting an elapsed flight time, after atmospheric entry, for jettisoning any

assumed drag devices. This would be similar to releasing a towed-ballute or removal of

a drag-skirt as suggested by Cassell for an ADEPT Drag Modulated Aerocapture[49].

This is done through the input file where the user prescribes the time to perform the

’cut’ along with the mass and surface area of the vehicle after the cut. It’s currently

assumed that the drag coefficient remains the same after jettisoning the drag device.

In addition to calculating singular trajectories the code was setup to perform

parameter sweeps over a range of entry velocities, entry angles, total bank angle,

duration of bank change, and altitude to begin the banking maneuver. When

performing the parameter sweep only a subset of the variables are saved as output to

reduce the file I/O and hard drive expense. The variables used to perform parameters

sweeps are also assumed to be at regular intervals to form a structured table

which provides easy interpolation between trajectories. After conducting preliminary

simulations the author recognized the need to refactor portions of the code to allow for
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multi-threading through the use of OpenMP. Utilizing the multi-threading provided

a significant speed up. As a benchmark, using 16 threads on a personal laptop

with an AMD Ryzen 7 8840HS processor, the program runs through ∼9-10 thousand

trajectories per minute. Of course, this may differ depending on the configuration of

the trajectories being run.

5.1.6 Aerodynamic Heating

The peak heating throughout the trajectories was assumed to occur at the stagnation

point. While this is not always the location of the most severe heating, it is a

good benchmark and is a common metric used when considering atmospheric entry

vehicles. Factors that could change where the peak heating occurs are the vehicle

orientation and boundary layer transition both of which could be explored in follow-

on studies but will require code development or coupling to another software package.

The stagnation point convective and radiative heating are calculated over each time

step during the simulated trajectory. For each trajectory the code will report the

peak convective, radiative, and total heating that occurred during the simulation.

In addition, the integrated heat load is updated at every time step to track how

much heating occurred over the entire trajectory. Tracking these values can be useful

to understand which type of heating has the highest contribution during the flyby.

Trajectories can then be altered to ensure the heating constraints are not violated.

The instantaneous stagnation point convective heat rate is calculated at each

iteration in the trajectory by using the Sutton-Graves equation[71] (Eq. 5.1)

q̇c = kV 3
∞

√
ρ∞
rn

(5.1)

where ρ∞ is the freestream density in kg/m3, V∞ is the atmosphere relative velocity

in m/s, rn is the nose radius in m, and k is the heat-transfer coefficient derived for

a specific atmospheric composition. Since Triton’s atmosphere was shown to be over

99% N2 a value of 1.75E-08 was calculated for k based on the tables from Sutton and
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Graves[71]. Equation 5.1 assumes the flow is fully catalytic at the wall and does not

include a hot-wall correction term, which can frequently be neglected for hypersonic

flows.

To handle the radiative heating an algorithm was implemented into the trajectory

code that would interpolate the instantaneous stagnation point radiative heating

based on the tabulated values published by Sutton and Hartung[72]. The tables

provide calculated values for radiative heating rates for a range of nose radii from

0.05 m to 10 m and velocities between 8 km/s to 18 km/s within Earth’s atmosphere

corresponding to air densities of 1.841E-02 kg/m3 to 9.6940E-06 kg/m3. The radiative

heating is only calculated if it is within the range of the table. The range of

nose radii encompasses that of the LOFTID aeroshell geometry (1.715 m) and the

range of atmospheric density is applicable for Triton up to an altitude of ∼48 km.

Admittedly, this is a small range of the actual trajectories due to the applicable

ranges of velocity and freestream densities, but the results will show convection as

the dominant component of stagnation point heating.
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Chapter 6

Results

Numerous trajectory scenarios were simulated to explore the parameter space,

searching for combinations of entry conditions, vehicle orientation, and maneuvers

that would successfully execute a Triton AGA. The total number of trajectories

simulated to construct the following data is in the tens of millions. In order to

reasonably present the data from the trajectories it will be separated into the

following sections: ballistic, lifting, maneuvering, and jettisoning. In all scenarios

the simulations began at the atmospheric interface (altitude of 1029 km) in a due-

east equatorial trajectory, with a drag coefficient of 1.69. The ballistic and jettisoning

trajectories were simulated with zero lift coefficient because they were axisymmetric

bodies flown at 0° angle of attack while the lifting and maneuvering trajectories

applied a lift coefficient of 0.3. These aerodynamic coefficients were chosen based on

the aerodynamic performance reported by Hollis et. al.[66] for the LOFTID aeroshell

at Mach=25 and angle of attack of 10°. The simulated trajectories would terminate

once the vehicle reached the atmospheric interface (indicating outbound atmospheric

exit) or reached an altitude of 0 km, indicating a surface impact. The following results

from each of the parameter sweeps contain only trajectories that do not impact the

surface or capture into orbit about Triton. Additionally, the figures will contain
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results from trajectories that may violate some of the desired physical constraints but

will be used to illustrate the bounds of ’good’ trajectories.

Results from the ballistic trajectories will be shown first to establish a baseline

for the simplest cases. For the ballistic trajectories, it is assumed that the vehicle

flies at an angle of attack of 0°, therefore producing no lift. Following the results

from the ballistic trajectories will be the lift-enabled, non-maneuvering trajectories.

These trajectories were computed assuming 10° angle of attack to make use of the

lift coefficient and maintained a bank angle of either 0° (full lift up) or 180° (full

lift down) throughout the entire trajectory. Since the vehicle orientation for these

first three parameter sweeps was fixed there exists a 1-to-1 relationship between the

prescribed entry conditions and the final state of the trajectories.

The next set of results come from the maneuvering trajectories. All of the banking

maneuver trajectories maintain an angle of attack of 10° and begin at a bank angle

of 0° (full lift up). Once the vehicle reaches the specified altitude to trigger a banking

maneuver, it will begin rotating the lift vector about the relative velocity vector until

it reaches a bank angle of 180° (full lift down). The vehicle will remain at 180° bank

for the remainder of the trajectory. When the bank maneuver is initiated the roll rate

is applied incrementally at each time step until its final orientation is achieved. For

this study a roll rate of 18 deg/s was used because it was the roll rate reported in the

LOFTID flight reconstruction [67]. The vehicle would enter the atmosphere in a full

lift up orientation to avoid penetrating too deep into the atmosphere while enabling

a steep entry angle. Then at some point during the trajectory (while still in the

atmosphere) the vehicle performs the banking maneuver to change its orientation to

fully lifting down. The intent is to leverage the aerodynamic forces to keep the vehicle

in the atmosphere longer to dissipate more energy and reach a lower outbound excess

speed than it would have without the maneuver. However, one tradeoff of reaching

lower outbound excess velocities in the manner is prolonged exposure to the severe

aerodynamic heating that accompanies traveling through atmospheres at high speed.
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Traditionally, these bank-roll type maneuvers are used to find the undershoot

boundary that defines the corridor width for a specific combination of outbound excess

velocity and required turn angle. This combination of exit conditions is determined

only when the orientation of vehicle, assisting body, and target body are known

which requires precise date and time the vehicle arrives to perform the maneuver.

Because of the need to develop an in-house capability for simulating the atmospheric

trajectory, there wasn’t enough time to pinpoint specific arrival conditions. In lieu

of having targeted atmospheric exit conditions, the corridor widths are calculated

parametrically to present a potential range of corridors that could be achieved.

Trajectories that involve jettisoning the drag device flew at 0° angle of attack

which mirrored the conditions of the initial ballistic parameter sweep, but at some

prescribed time during the trajectory the vehicle would change its mass and reference

surface area. The ’cut time’ is defined as input to code along with a new mass

and reference surface area. A presentation by Dillman[73] reported the mass of the

inflatable structure at 62 kg and flexible thermal protection system and sensors at 106

kg for a total of 168 kg. It was assumed that all 168 kg would be jettisoned during

the event. It should be noted that the total mass reported by Dillman[73] was 1190

kg whereas this study used a total mass of 1100 kg because it was reported as the

as-flown aeroshell mass[65]. Additionally, the components displayed by Dillman[73]

as being stored within the core body of the aeroshell (parachute system, inflation

system, centerbody, avionics and sensors) were assumed to remain onboard. The

new reference area was assumed to be 1.37 m2 which is based on the frontal area of

the centerbody having a 1.32 m diameter. In the simulations it is assumed that the

jettison event happens instantaneously and without any induced fight instabilities.

In practice, this technique needs to be vetted thoroughly to ensure that separation

of the drag device happens cleanly, i.e., does not catch on any protrusions from the

vehicle. Further, a real vehicle will likely experience some flight instabilities due to

the sudden change in mass and aerodynamic forces, all of which are neglected in this

study.
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A final note about how results for the maneuvering and jettison simulations were

generated and processed follows. Initially, simulations were completed for various

values of bank altitude (for the maneuvering) and cut time (for the jettison). The

results would be processed using gridded interpolation. When discontinuities were

encountered in the results more simulations were conducted with input parameters

(bank altitude or cut time) that would provide refinement to smooth out trends in the

results. The assumption with this technique is that the incremental changes in entry

conditions is adequately resolved to allow for linear interpolation between datasets.

To aid in keeping track of the scenario specifics Table 6.1 has been constructed to

outline the basic details of each parameter sweep.

6.1 Ballistic Trajectories

The ballistic trajectories were simulated over a range of atmospheric entry velocities

starting at 3 km/s up to 12.98 km/s at an increment of 0.02 km/s while the range

of entry angles was from -57° to -50° at an increment of 0.01° and yielded a total

Table 6.1: Range of Entry Conditions

Ballistic Full Lift Up Full Lift Down Banking Jettison
VEn, km/s 3 to 12.98 3 to 12.98 3 to 12.98 3 to 12.95 3 to 12.95
γEn, degs -57 to -50 -57 to -50 -57 to -50 -56 to -52 -56 to -52

Cd 1.69 1.69 1.69 1.69 1.69
Cl 0 0.3 0.3 0.3 0

α,degs 0 10 10 10 0
mi, kg 1100 1100 1100 1100 1100
mf , kg 1100 1100 1100 1100 932
Ai, m

2 28.27 28.27 28.27 28.27 28.27
Af , m

2 28.27 28.27 28.27 28.27 1.37
βi, degs 0 0 180 0 0
βf , degs 0 0 180 180 0
BCi 23.11 23.11 23.11 23.11 23.11
BCf 23.11 23.11 23.11 23.11 404.71

# of Trajs 350,500 350,500 350,500 11,935,960 5,775,120
Total Number of Trajectories = 18,762,580
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of 350,500 trajectory results. The contours shown in Fig. 6.1 illustrate how the

outbound hyperbolic velocity, minimum altitude, and turn angle vary with changes

in the atmospheric entry conditions. The solid black lines outline different values of

atmospheric entry velocity while the solid red lines represent the entry angle. Similar

contours are displayed in the following section for the non-maneuvering trajectories.

Since this is a lot information to pack into a single figure readers can use the

following sample point to ensure they are interpreting the figure correctly. Consider

a non-lifting trajectory entering the atmosphere at 9 km/s and an entry angle of -54°.

Looking at Fig 6.1 reveals for those entry conditions, the trajectory would penetrate to

an altitude of about 40.2 km, have an outbound excess speed of 7.84 km/s, and a turn

angle of 1.66°. Examination of Fig. 6.1 shows that an AGA performed ballistically

at Triton could produce sufficient energy loss for a wide range of entry conditions

without going below 10 km altitude. Figure 6.1b shows that a trajectory with a 3

km/s atmospheric entry velocity and entry angle of -53.12° will have an outbound

hyperbolic excess speed of ∼0.8 km/s and achieve a turn angle greater than 30°.

Similarly, an entry velocity of 12 km/s can enter at a steeper angle of -54.98° to avoid

penetrating below 10 km and reach a hyperbolic excess speed of 6.57 km/s but only

achieves a turn angle of 1.74°.

However, when considering the LOFTID heating constraint of 60 W/cm2, Fig.

6.2 shows a reduction in feasible entry conditions. It suggests that for entry velocities

above 9 km/s steep entry angles will subject the vehicle to stagnation point heating

rates that would exceed the limits of the heat shield. Furthermore, the steepest entry

angle that can be paired with a 9 km/s entry velocity is -54.88° which would produce

an outbound velocity of 4.83 km/s and turn angle of 3.13°. Any steeper entry would

violate the 10 km minimum altitude threshold.

It should also be mentioned that in Fig. 6.2 there are discontinuities in the contour

lines which are more apparent with higher entry velocities. The primary reason for

this is due to the method used for generating the density profile. The plot that

was manually digitized from Strobel[39] presented the number density on a log scale.
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(a) Drag-Only

(b) Drag-Only, Up to 50 km.

Figure 6.1: Ballistic trajectory results showing outbound hyperbolic velocity,
minimum altitude, and turn angle for lines of constant entry velocity and entry angle.
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Figure 6.2: Peak heating for the ballistic trajectories.

Smoothing out the density profile should alleviate the discontinuities but will have

minimal effect on the overall outcome. The reason the discontinuities seem to be

exacerbated at higher entry velocities is due to how the radiative heating is being

applied during the trajectories. The radiative heating is only calculated at trajectory

points when it is within range of the curve fits derived from the tables presented

by Sutton and Hartung[72]. The lowest velocity from the Sutton and Hartung[72]

tables that is applicable to Triton’s tenuous atmosphere is 9 km/s. When trajectory

conditions are not within range of the curve fits the radiative heating component of

the peak stagnation point heat rate is computed as 0 W/cm2. The only simulated

trajectories with a potential to have a radiative heating component are those reaching

a velocity of 9 km/s or higher.

After producing the stagnation point peak heating rates shown in Fig. 6.2 it

was found that the convective heating component is the primary factor in limiting

trajectories due to heating constraints. Theoretical heating rates were calculated for

a vehicle having a nose radius of 1.715 m (matching the LOFTID aeroshell) over the
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range of potential velocities and altitudes using Eq. 5.1 for the convective heat rate

and the tables from Sutton and Hartung for the radiative heat rate. These potential

heating rates are shown in Fig. 6.3

where the solid lines represent the convective heating component and the dashed

lines are the radiative component. By the time the radiative heating rate has reached

1 W/cm2 the convective heating has already exceeded or nearly exceeded the 60

W/cm2 constraint.

An additional excursion focused on the how the minimum altitude is affected by

changes in ballistic coefficient was completed in preparation for a conference[74] and

the adapted results are presented in Fig. 6.4 through Fig. 6.7. Each plot illustrates

how higher ballistic coefficients require lower minimum altitudes to reach the desired

outbound excess speeds for a number of atmospheric entry velocities. The point at the

far right in each plot represents the fully inflated LOFTID aeroshell with a ballistic

coefficient of 23.11.

Figure 6.3: Components of the potential peak heating rate in Triton’s atmosphere
for velocities between 3 km/s and 12 km/s above 10 km altitude.
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Figure 6.4: Change in minimum altitude as a function of ballistic coefficient for
VEn = 4.0 km/s

Figure 6.5: Change in minimum altitude as a function of ballistic coefficient for
VEn = 5.0 km/s
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Figure 6.6: Change in minimum altitude as a function of ballistic coefficient for
VEn = 6.0 km/s

Figure 6.7: Change in minimum altitude as a function of ballistic coefficient for
VEn = 7.0 km/s
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6.2 Lifting Trajectories

Each of the lifting trajectory parameter sweeps was done over the same range of entry

conditions as the ballistic trajectories (VEn=[3, 12.98] km/s and γEn=[-57, -50]°). The

only difference is these trajectories were flown at a constant angle of attack (α=10°)

and bank angle (β=0° for full lift up and β=180° for full lift down). The contours

shown in Fig. 6.8 and 6.9 illustrate how the outbound hyperbolic velocity, minimum

altitude, and turn angle vary with changes in the atmospheric entry conditions for the

non-maneuvering trajectories. The contours look very similar to those constructed

for the ballistic trajectories, but in the lower altitudes differences begin to be arise

due to higher density and aerodynamic forces.

Using Fig. 6.8, 6.9, and 6.10 it can be determined that trajectories with a given

entry velocity can dissipate more energy with a shallower entry angle when in a full

lift down configuration than the full lift up configuration (or ballistic). By dissipating

more energy the lift down trajectories can reach lower outbound excess speeds, achieve

greater turn angles, and be subject to lower peak stagnation point heating.

6.3 Maneuvering Trajectories

It is more difficult to summarize the results of the maneuvering trajectories with

the contour plots seen previously because the 1-to-1 relationship between entry and

exit conditions no longer exists. Each entry condition will have a series of ending

conditions based on the timing of the banking maneuver. The plots in Fig. 6.11,

6.12, 6.13, 6.14, 6.15, and 6.16 show the corridor width for specific outbound excess

speeds as a function of the entry conditions as defined at an altitude of 1029 km.

The solid black lines represent the overshoot boundary for the targeted

outbound excess speed. This is the shallowest a vehicle can enter while at a 180°

bank angle and still dissipate enough energy to reach the desired velocity. The

solid red line represents the undershoot boundary and is the steepest the vehicle
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(a) Drag+Lift, Bank of 180°

(b) Drag+Lift, Bank of 180°, Up to 50 km.

Figure 6.8: Non-maneuvering, full lift down trajectory results showing outbound
hyperbolic velocity, minimum altitude, and turn angle for lines of constant entry
velocity and entry angle.
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(a) Drag+Lift, Bank of 0°

(b) Drag+Lift, Bank of 0°, Up to 50 km.

Figure 6.9: Non-maneuvering, full lift up trajectory results showing outbound
hyperbolic velocity, minimum altitude, and turn angle for lines of constant entry
velocity and entry angle.
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(a) Drag+Lift, Bank of 180°.

(b) Drag+Lift, Bank of 0°.

Figure 6.10: Non-maneuvering, peak heating.
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(a) V∞,out = 2.0 km/s

(b) V∞,out = 2.0 km/s

Figure 6.11: Corridor width for a target outbound excess speed of 2.0 km/s.
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(a) V∞,out = 3.0 km/s

(b) V∞,out = 3.0 km/s

Figure 6.12: Corridor width for a target outbound excess speed of 3.0 km/s.
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(a) V∞,out = 4.0 km/s

(b) V∞,out = 4.0 km/s

Figure 6.13: Corridor width for a target outbound excess speed of 4.0 km/s.
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(a) V∞,out = 5.0 km/s

(b) V∞,out = 5.0 km/s

Figure 6.14: Corridor width for a target outbound excess speed of 5.0 km/s.
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(a) V∞,out = 6.0 km/s

(b) V∞,out = 6.0 km/s

Figure 6.15: Corridor width for a target outbound excess speed of 6.0 km/s.
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(a) V∞,out = 7.0 km/s

(b) V∞,out = 7.0 km/s

Figure 6.16: Corridor width for a target outbound excess speed of 7.0 km/s.
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can enter and still reach the outbound velocity. The dotted black lines indicate

different minimum altitude thresholds (with associated altitude label placed above

the overshoot boundary). The dashed white lines show potential corridor widths for

combinations of desired outbound excess speed and entry velocity (with associated

corridor width label placed below the undershoot boundary). The gradient fill seen in

Fig. 6.11a - 6.16a represents the altitude at which the bank maneuver was performed

while the gradient fill in Fig. 6.11b - 6.16b shows the associated total peak heat rate.

In Fig. 6.14, 6.15, and 6.16 there is an extra, black, dashed line (demarcated by red

stars outlined in black) that show when the peak stagnation point heat rate exceeds

the 60 W/cm2 constraint of the LOFTID aeroshell.

For entry conditions above the black lines describing the overshoot boundaries,

not enough energy dissipation occurs and the outbound excess speed will be too high.

Conversely, entry conditions below the red line defining the undershoot boundary

dissipate too much energy resulting in an outbound velocity that is too low. Lastly,

a combination of entry conditions falling below the dotted black line for the 10

km minimum altitude will produce a trajectory that penetrates too low into the

atmosphere, breaking the altitude constraint.

Features near an entry velocity of 3 km/s in Fig. 6.11 and above ∼12.6 km/s

in Fig. 6.16 clearly indicate the edge of the parameter sweeps. The jagged edges

indicate the boundaries of the entry velocity range and should be neglected. The

range of entry conditions need to be extended to resolve the results in those regions.

In general, the lower minimum allowed altitude, the wider the entry corridor.

The corridor width as a function of entry velocity for constant outbound excess

velocity is plotted in Fig. 6.17. The peaks for the curves was surprisingly similar

occurring between ∼0.45° to ∼0.48°. The width of each curve however, increases

for increasing outbound velocities indicating higher entry velocities provide better

options for meeting corridor requirements.

While these results are encouraging it should be noted that trajectories simulated

in this study only reach a corridor width nearly half of the often cited 1° requirement.
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Figure 6.17: Corridor width as a function of atmospheric entry velocity for lines of
constant outbound excess speed.

Other aerocapture studies have achieved much larger corridor widths; examples

include a width of greater than 4° reported by Lyne[75] for aerocapture at Mars,

2.27° and 3.5° at Neptune and Titan, respectively, reported by Lockwood[5].

6.4 Jettisoning Trajectories

The jettisoning trajectories covered a range of entry velocities between 3 km/s and

12.95 km/s and entry angles between -56.0° and -52.0°. The range of entry angles was

slightly narrowed based on the results from the ballistic trajectories. This was done

to focus on trajectories that would most likely be effected by the jettisoning, as well

as reducing the computational expense. For each set of entry conditions a cut time

was defined that would change the vehicle’s mass and surface area instantaneously.

Since the cut time was based solely on time elapsed from atmospheric entry, its effect

varied widely and required numerous sweeps to be conducted.
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The influence of cut time is illustrated in Fig. 6.18 through 6.22 which show the

outbound excess velocity as a function of cut time for specific entry velocities and

lines of constant entry angle. Figure 6.23 and 6.24 show the the outbound excess

velocity as a function of cut time for specific entry angles and lines of constant entry

velocity.

For each combination of entry velocity and entry angle there appear to be three

distinct regions. The left region (early cut times) shows a constant outbound velocity

representing the maximum outbound energy (or minimum energy dissipation) for

those particular entry conditions. The right region (late cut times) shows another

portion of constant outbound velocity but represents a minimum outbound energy

characterized by the maximum amount of energy dissipation for a set of entry

conditions. This is caused by the vehicle having traversed the portion of the

atmosphere where the density profile is high enough to cause significant aerodynamic

forces before the skirt is released. The middle region (intermediate cut times) occur

when the drag device is released lower in the atmosphere where the aerodynamics

still has an effect on the trajectory. These three regions show a range of reachable

outbound velocities as a function of when the drag device is jettisoned.

The general trends suggest that steep, high velocity entries cause the vehicle

to penetrate deeper into the atmosphere allowing more energy dissipation through

aerodynamic forces. Shallow, low speed entries don’t reach lower altitudes where

density is high enough to dissipate energy. These statements appear to be

substantiated by the curves shown in Fig. 6.25 which show jettisoning of the drag

device has little influence on the minimum altitude achieved. However, as a reminder,

all of the jettisoning trajectories have assumed a ballistic trajectory. Future studies

should include lifting and maneuvering trajectories to explore how the instantaneous

change in aerodynamics effects minimum altitude and energy dissipation.
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(a) VEn = 3.0 km/s

(b) VEn = 4.0 km/s

Figure 6.18: Outbound excess velocity as a function of cut time for lines of constant
entry angle and entry velocities of 3 and 4 km/s.
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(a) VEn = 5.0 km/s

(b) VEn = 6.0 km/s

Figure 6.19: Outbound excess velocity as a function of cut time for lines of constant
entry angle and entry velocities of 5 and 6 km/s.
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(a) VEn = 7.0 km/s

(b) VEn = 8.0 km/s

Figure 6.20: Outbound excess velocity as a function of cut time for lines of constant
entry angle and entry velocities of 7 and 8 km/s.
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(a) VEn = 9.0 km/s

(b) VEn = 10.0 km/s

Figure 6.21: Outbound excess velocity as a function of cut time for lines of constant
entry angle and entry velocities of 9 and 10 km/s.
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(a) VEn = 11.0 km/s

(b) VEn = 12.0 km/s

Figure 6.22: Outbound excess velocity as a function of cut time for lines of constant
entry angle and entry velocities of 11 and 12 km/s.
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(a) γEn = -52.0°

(b) γEn = -53.0°

Figure 6.23: Outbound excess velocity as a function of cut time for lines of constant
entry velocity and entry angles of -52.0° and -53.0°.
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(a) γEn = -54.0°

(b) γEn = -55.0°

Figure 6.24: Outbound excess velocity as a function of cut time for lines of constant
entry velocity and entry angles of -54.0° and -55.0°.
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(a) γEn = -52.5°

(b) γEn = -54.0°

Figure 6.25: Minimum altitude as a function of cut time for lines of constant entry
velocity and entry angles of -52.5°and -54.0°.
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Chapter 7

Conclusions

Numerical simulations of atmospheric trajectories have been used in the current study

to explore the feasibility of a successful AGA maneuver at Triton. Unlike the high

ballistic coefficient vehicles with towed ballutes from the previous studies[11, 12, 15],

the current research uses a low ballistic coefficient vehicle resembling that of the

vehicle used in the LOFTID test. A wide range of entry conditions, bank maneuver

altitude, and ballute cut time were used, resulting in millions of atmospheric

trajectories. By comparison, the previous study produced only a small fraction of

the trajectories on which to base the AGA maneuver.

Additionally, to the author’s knowledge, the simulated trajectories contained

herein are the first to use the performance characteristics of an inflatable, clamped

ballute, which has been flight proven, to dissipate energy in Triton’s atmosphere

during an AGA maneuver. Also, no other studies were found that used the density

profile derived by Strobel[39] to perform an analysis of atmospheric trajectories.

Although tenuous, Triton’s atmosphere shows the ability to provide significant

energy dissipation in without violating minimum altitude or vehicle constraints when

atmospheric entry velocities are less than 9.5 km/s. Using a reference atmospheric

interface of 1029 km, peak corridor widths are estimated to be ∼0.48°.
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A primary limitation of the current study is that the results only focused on

the Triton centric phase of the trajectory. Without specific arrival and departure

conditions in Triton’s reference frame it is difficult to determine how much adjustment

is needed during the Triton flyby. However, the wide range of trajectories simulated

from this research describes Triton’s capacity for altering a trajectory and can be

used as targeted constraints for planning Earth launch dates and Neptune orbital

insertion. The latter is especially important since substantial changes in the Triton-

centered arrival excess speed can be effected by small changes in encounter date due

to Triton’s short orbital period.

Further limitations of the current study lie in the need for more sophisticated

aerodynamic manipulation in Triton’s atmosphere. Future studies should include

GNC routines that provide optimized maneuvering and the ability to combine

different drag devices (ballutes + MHD + aerocapture tether). Combined methods of

drag augmentation, especially through MHD, have the potential to dissipate energy

higher in the atmosphere and experiencing lower peak heating rates.

The body of work presented for this research is encouraging and provides several

preliminary findings that warrant continued investigation into the feasibility of

performing an AGA maneuver at Triton. Reducing the aforementioned limitations

through further studies will help to confirm or refute the feasibility of a Triton AGA

maneuver for a Neptune orbital insertion.
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Appendix A

Turn Angles

A.1 Pure Gravitation Assist

A gravitational assist, sometimes referred to as a gravitational slingshot, can be an

important maneuver when planning for interplanetary trajectories. The maneuver is

performed by spacecraft passing near a planet and using the planet’s gravitational

potential to adjust the vehicle’s velocity vector. This method was famously used

by the Voyager 2 spacecraft at multiple points during its flight to interstellar space.

Figure A.1 shows what a trajectory might look like for a 2-D, gravitational assist

occurring along the planet’s equator.

δ

V∞,in Rp

V∞,out

Figure A.1: Turn angle diagram from pure gravitational assist.
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In Fig. A.1, the curved, solid, black line shows the trajectory of the vehicle during

the flyby, the dashed, blue line shows what the trajectory would have been without the

existence of the planet’s gravity-well, V∞,in signifies the velocity at a point infinitely

far away, typically at the edge of the planet’s sphere of influence, on approach, Rp is

the radius of periapse for the hyperbolic trajectory, V∞,out is the velocity at a point

infinitely far away, again at the edge of the sphere of influence, on departure, and δ

is the turn angle of the velocity vector.

The achievable turn angle during a gravitational assist can be found by employing

Eq. A.1

δ = 180− 2cos−1

([
1 +

V∞
2Rp

µ

]−1
)

(A.1)

where δ is the turn angle, V∞ is the hyperbolic excess speed as seen by the assisting

planet, Rp is the intended periapse radius, and µ is the planet’s gravitational

parameter. This equation assumes that the approach and departure velocity vectors

are coplanar, periapse radius is at least the radius of the target body, and no losses

for the trajectory due to drag. This can be very useful in early stages of mission

planning when determining a trajectory’s feasibility. A contour plot showing turn

angle as a function of approach velocity and altitude from Triton’s surface is shown

in Fig. A.2.

A.2 Aerogravity Assist

A.2.1 2-D, Equatorial Plane

If the pure gravitational assist does not provide adequate adjustment of the velocity

vector, the planet’s atmosphere can be leveraged to further adjust the turn angle.

However, the calculation of the turn angle is no longer as straight-forward because

the radius of periapse changes during the atmospheric trajectory. In the case of a

non-lifting ballistic entry, atmospheric drag dissipates energy causing a reduction in
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Figure A.2: Contour plot of turn angle (δ) for h = [0, 1029] km and V∞ = [3, 14] km
s
.
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periapse radius. The true anomaly at multiple points along the trajectory are needed

along with the direction of the radius of periapse for the inbound and outbound

legs of the trajectory and lastly, for the 2-D equatorial trajectory, the longitude when

entering and exiting the atmospheric interface. Figure A.3 shows a generic, equatorial

aerogravity assist where the solid black line represents the vehicle trajectory, V∞,in

and V∞,out are the inbound and outbound velocity vectors at the edge of the sphere of

influence, θEn, νEn, νEx, and θEx are the longitude and true anomaly when entering

and exiting the atmospheric interface, Rp,in and Rp,out are the direction pointing

to the radius of periapse as calculated by the inbound and outbound conditions at

the sphere of influence. The true anomaly at atmospheric entry, νEn, is the angle

measured from the vector pointing towards the initial radius of periapse, Rp,in, to a

line drawn through the center of the planet, parallel to the outbound velocity vector

(red-dashed line). Likewise, νEx is measured from the vector point towards the final

radius of periapse, Rp,out, to a line drawn through the center of the planet parallel to

the inbound velocity vector (green-dashed line). All of these components combined

form Eq. A.2. Again, this expression for turn angle during an AGA assumes a 2-D,

equatorial trajectory about the planet.

δ = |ν∞,i| − |νEn| + (θEx − θEn) + |ν∞,o| − |νEx| − 180 (A.2)

A.2.2 Extended to 3-D

Equation A.2 can be extended to 3-D by recognizing that the term (θEx− θEn) is just

the central angle between any two points on a sphere. If we let that central angle

be written as variable ψ, the central angle can be found using the spherical law of

cosines shown in Eq. A.3

cos(ψ) = cos(ϕEn − ϕEx)cos(θEn)cos(θEx) + sin(θEn)sin(θEx) (A.3)
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V∞,in

V∞,out

Rp,in

Rp,out

νex

ν∞,out

ν∞,in

νen

θEn

θEx

Figure A.3: Turn angle diagram from aerogravity assist.

89



where ϕEn and ϕEx are the latitudes of atmospheric entry and exit while θEn and θEx

are the longitudes of atmospheric entry and exit. Substituting the arccos of Eq. A.3

for (θEx−θEn) in Eq. A.2 yields Eq. A.4 which allows the turn angle to be calculated

for an unpowered trajectory using the planetocentric latitude and longitude.

δ = |ν∞,i| − |νEn| + |ν∞,o| − |νEx| − 180 +

+ cos−1 [cos(ϕEn − ϕEx)cos(θEn)cos(θEx) + sin(θEn)sin(θEx)]
(A.4)
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Appendix B

Arrival Velocity

B.1 Neptune and Triton Arrival Velocities
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Table B.1: Probe Velocities at Arrival to Neptune System With Respect to Neptune

Velocities in km/s
Excess Speed V∞ Inertial V@RN,Eq

VMin@Atmo,En VMax@Atmo,En

Eq. B.1 Eq. B.2 Eq. B.3
4.1 23.85 21.17 26.53
5.1 24.04 21.36 26.72
6.1 24.28 21.60 26.96
7.1 24.55 21.87 27.23
8.1 24.85 22.17 27.53
9.1 25.20 22.52 27.88
10.1 25.58 22.90 28.26
11.1 25.99 23.31 28.67
12.1 26.43 23.75 29.11
13.1 26.90 24.22 29.58
14.1 27.40 24.72 30.08

Table B.2: Probe Velocities at Arrival to Neptune System With Respect to Triton

Velocities in km/s
Inertial V@RTr,Orb

V∞,Min V∞,Max VMin@Atmo,En VMax@Atmo,En

Eq. B.4 Eq. B.5 Eq. B.6 Eq. B.7 Eq. B.8
7.44 3.05 11.83 3.24 11.88
8.03 3.64 12.42 3.81 12.47
8.70 4.31 13.09 4.45 13.14
9.43 5.04 13.82 5.16 13.86
10.21 5.82 14.60 5.92 14.64
11.02 6.63 15.41 6.72 15.44
11.86 7.47 16.25 7.55 16.28
12.72 8.33 17.11 8.40 17.14
13.60 9.21 17.99 9.27 18.02
14.50 10.11 18.89 10.17 18.92
15.41 11.02 19.80 11.07 19.83
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V@RN,Eq
=

√
V 2
∞ +

2µN

RN

(B.1)

VMin@Atmo,En = V@RN,Eq
− VNRotational

(B.2)

VMax@Atmo,En = V@RN,Eq
+ VNRotational

(B.3)

V@RTr,Orb
=

√
V 2
∞ +

2µN

RTr,Orb

(B.4)

V∞,Min = V@RTr,Orb
− VTr,Orb (B.5)

V∞,Max = V@RTr,Orb
+ VTr,Orb (B.6)

VMin@Atmo,En =

√
V∞,Min +

2µTr

RTr,Eq +HAtmo

(B.7)

VMax@Atmo,En =

√
V∞,Max +

2µTr

RTr,Eq +HAtmo

(B.8)
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Appendix C

Code Workflow

The initial state vector for the simulations requires the vehicle position in the

planetocentric inertial reference frame supplied in polar coordinates as altitude,

geocentric latitude, and inertial longitude. The inertial velocity is also input in polar

coordinates relative to the local horizontal plane supplied as velocity magnitude,

inertial flight path angle, and azimuthal angle. The position and velocity are then

converted to cartesian coordinates using C.1 and Eq. C.2

R⃗I = RI


cos(ϕc)cos(θI)

cos(ϕc)sin(θI)

sin(ϕc)

 (C.1)

V⃗I = VI


cos(γI)cos(AzI)

cos(γI)sin(AzI)

−sin(γI)

 (C.2)

where RI is the radial distance from the planet center, ϕc is the geocentric latitude,

θI is the inertial longitude, VI is the velocity magnitude, γI is the inertial flight path

angle, and AzI is the inertial azimuthal angle.
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The equations of motion used for propagating the trajectory through the

atmosphere are shown in Eq. C.3 and Eq. C.4

˙⃗
RI = V⃗I (C.3)

˙⃗
VI = A⃗I + G⃗I (C.4)

where
˙⃗
RI is the derivative of the position vector, V⃗I is the inertial velocity vector,

˙⃗
VI is

the derivative of the velocity vector, A⃗I is the vehicle acceleration from aerodynamic

forces, and G⃗I is the inertial acceleration from gravity. The acceleration from the

aerodynamic forces are calculated in the body reference frame using Eq. C.5, Eq.

C.6, and Eq. C.7

CA

CN

 =

cos(α) −sin(α)

sin(α) cos(α)

CD

CL

 (C.5)

F⃗ =
1

2
ρ∞AV

2
A


−CA

CY

−CN

 (C.6)

A⃗B =
F⃗

mveh

(C.7)

where CA, CY , and CN are the axial, yaw, and normal aerodynamic force

coefficients, CD and CL are the coefficients of drag and lift, α is the vehicle angle of

attack, F⃗ is the calculated aerodynamic force vector, ρ∞ is the freestream density, VA

is the magnitude of the atmosphere relative velocity, A is the vehicle reference surface

area, mveh is the vehicle mass and A⃗B is the resulting acceleration vector in the body

frame. The series of rotation matrices needed to convert the body frame accelerations

to inertial can be found in the POST formulation manual[69]. These equations of

motion are numerically integrated using a 4th Order Runge Kutta algorithm until

the simulation reaches a desired termination condition (surface impact, maximum
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flight time, maximum iteration count, atmospheric exit). Orbital parameters are

calculated at the beginning and end of the trajectory using the formulations found in

any orbital mechanics textbook[76].
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