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Abstract

Comprised of exo- and trans-atmospheric trajectory segments, atmospheric re-entry
represents a complex dynamical event which traditionally signals the mission end-of-life for low-
Earth orbit (LEO) spacecraft, both manned and unmanned. Transcending this paradigm,
atmospheric re-entry can be employed as a means of operational maneuver whereby the
aerodynamic forces of the upper atmosphere can be exploited to create an aeroassisted maneuver.
Utilizing a notional trans-atmospheric, lifting re-entry vehicle with L/D = 6, the first phase of
research demonstrates the terrestrial reachability potential for skip entry aeroassisted maneuvers.
By overflying a geographically diverse set of sample ground targets, comparative analysis
indicates a significant savings in AV expenditure for skip entry compared with planar phasing
and simple plane change exo-atmospheric maneuvers. In the second phase, the Design of
Experiments method of orthogonal arrays provides optimal vehicle and skip entry trajectory
designs by employing main effects and Pareto front analysis. Depending on the chosen re-
circularization altitude, the coupled optimal design can achieve an inclination change
0of 19.91 deg with 50-85% less AV than a simple plane change. Finally, the third phase
introduces the descent-boost aeroassisted maneuver as an alternative to combined Hohmann and
bi-elliptic transfers in order to perform LEO injection. Compared with bi-elliptic transfers,
simulations demonstrate that a lifting re-entry vehicle with L /D = 6 performing a descent-boost
maneuver requires 6-12% less AV for injection into orbits lower than 650 km. In addition, the
third phase also introduces the “Maneuver Performance Number” as a dimensionless means of
comparative effectiveness analysis for both exo- and trans-atmospheric maneuvers.
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List of Symbols

The following list of symbols is alphabetical: Lowercase, then uppercase; Latin, then

Greek. Due to the magnitude of distances associated with astrodynamics and re-entry analysis,

all of the following symbols containing the base unit of measure of meters (m) are converted to

kilometers (km) for all subsequent analysis. For the symbols y and A, the notation subscript ( - )

indicates an unspecified base unit of measure.

Latin Symbol Definition Base Unit of Measure
a Orbital semi-major axis m
Agecel Total deceleration m/s?

d General distance m
e Orbital eccentricity unitless
f Planetary flattening parameter; focal length unitless; m
g Gravitational acceleration m/s?
h Altitude m
i Inclination angle rad
m Vehicle mass kg
n Scalar quantity (e.g. number of points) unitless
p Maneuver performance (MP) number unitless
r Geocentric radial distance m
t General time S

Cp Coefficient of drag unitless
C, Coefficient of lift unitless
D Drag force kg - m/s?

Erel Relative error tolerance unitless
Ji Zonal harmonic coefficient (Jeffrey constant) unitless
L Lift force kg - m/s?
N Integration step size S

P Keplerian orbital period S

P, Legendre polynomial, order n unitless
0 Heat flux kW/m?

RMS Root mean square unitless

S Planform area m?

T Thrust force kg - m/s?
% Velocity m/s
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Greek Symbol Definition Base Unit of Measure
a Atmospheric density parameter unitless
B Atmospheric scale height 1/m
Y Flight-path angle rad
£ Specific mechanical energy m?/s?
€ Planetary ellipticity unitless
6 Longitude rad
m Gravitational parameter m? /s?
p Atmospheric density kg/m?3
o Bank angle rad
@ Co-latitude rad
X Universal variable (")
Y Heading angle rad

w(,) Planetary rotation rate rad/s
A Change in value, i.e. AV ()
¢ Latitude (geocentric) rad

Symbol Scripting

Definition

( e Conditions for circular orbit
( )e Conditions at entry interface
C Final conditions
( Jga Geodetic value
C ) Initial conditions
C )j General index
( )y Component in radial direction
() Stagnation value
(G Component in velocity direction
C w Conditions at vehicle surface (wall)
( ), Component in lift direction
( s Conditions at sea-level
C g Component in transverse direction
C Do Conditions at a reference radius
( e Conditions for the Earth
( Voo Free-stream conditions
') Measured with respect to an inertial frame
ReH Measured with respect to a rotating frame
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THE PROSPECT OF RESPONSIVE SPACECRAFT USING
AEROASSISTED, TRANS-ATMOSPHERIC MANEUVERS

I. Introduction

General Issue

Traditionally, orbital states and orbit geometry are modified via various maneuvers
performed in vacuo, such as simple plane changes, combined changes to inclination and/or right
ascension of the ascending node (RAAN), and coplanar/non-coplanar phasing. Based on a given
mission altitude and the desired change in orbital plane position, however, exo-atmospheric
maneuvers have the propensity of becoming prohibitively expensive in terms of AV. While AV
expenditure can be reduced by performing maneuvers at high altitudes or nodal crossings, such
options are precluded by mission taskings which seek to maximize inclination change, Ai, while
simultaneously minimizing the total maneuver AV within a specified time duration. Besides the
vacuum of space, the upper atmosphere offers an alternative maneuver environment which
primarily has been utilized for re-entry, an event that signals the mission end-of-life for low-
Earth orbit (LEO) spacecraft. Departing from this convention, atmospheric re-entry can be
employed as a means of operational maneuver whereby the aerodynamic drag of the upper
atmosphere is exploited by an entry vehicle to create an aeroassisted, trans-atmospheric
maneuver. For the purposes of this research, an entry vehicle represents a subset of spacecraft
known as trans-atmospheric vehicles (TAVSs) that are designed to (1) conduct normal mission
functions within LEO, and, (2) operate at hypersonic velocities within the upper atmosphere
following a de-orbit maneuver by using lift to complete a specified aeroassisted maneuver and

fulfill a specified mission tasking.*

! Daniel Gonzalez, Mel Eisman, Calvin Shipbaugh, Timothy Bonds, and Anh Tuan Le, Proceedings of the RAND
Project AIR FORCE Workshop on Transatmospheric Vehicles (Santa Monica, CA: RAND Corporation, 1997), 1.

1

www.manaraa.com



Research Motivation

The attainment of global reach is part of a wider responsive space initiative within the
U.S. Department of Defense and represents a shift from a solution-oriented to a capabilities-
oriented approach to space acquisition and space system design, in which the performance of a
new system is “intended to respond to new taskings within days, hours or minutes without
proscribing how it is done.” Not restricted to the vacuum environment of space, aeroassisted
maneuvers represent an alternative means of achieving global reach and feature the potentiality
of changing orbital states and geometry with a lower AV expenditure and shorter time-of-flight
than conventional exo-atmospheric maneuvers. For the present research, global reach is divided
into two categories: (1) Terrestrial reachability; and (2) LEO reachability. With the first
category, terrestrial reachability represents the ability of a TAV to overfly a specified ground
target within a fixed operations window by performing an aeroassisted maneuver to change orbit
inclination and/or semi-major axis. The second category, LEO reachability, extends the concept
of global reach to the LEO altitude regime and represents the ability of a TAV to execute a LEO
injection subsequent to an aeroassisted maneuver for the prospect of on-orbit inspection and
rendezvous.®

One method for determining the performance potential of aeroassisted maneuvers is
through the pursuance of a trajectory-centric analysis approach comprised of either a parametric
study or an optimization of the trajectory based on a specified performance index. For both
cases, the TAV design is known a priori and, in conjunction with the mission tasking, represent

the fundamental constraints on aeroassisted maneuver performance. As an alternative, the second

2 Robert D. Newberry, “Powered Spaceflight for Responsive Space Systems,” High Frontier 1 (2005): 46.
® NASA defines the upper altitude limit of LEO as 2000 km; National Aeronautics and Space Administration,
“Process for Limiting Orbital Debris,” NASA STD 8719.14A (Washington, D.C.: National Aeronautics and Space
Administration, 2012), 23.
2
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method is optimization-centric and determines performance potential by optimizing the TAV
design simultaneously with the maneuver trajectory. Based on a specified set of performance
indices within the multiple-objective optimization problem (MOP), aeroassisted maneuver
performance becomes the objective space arising from an initial decision space containing not
only TAV and trajectory design parameters, but also constraints related to TAV capability, to
include available AV, maximum deceleration g-loading, and maximum heat flux. Employing
these two methodologies, the terrestrial and LEO reachability aspects of global reach will be
explored by fulfilling the following research objectives:

e Develop and verify a model for utilizing aeroassisted, trans-atmospheric maneuvers to
achieve desired orbital state changes induced by aerodynamic effects. This model will
hereafter be referred to as the trajectory dynamics model.

e Based on a given TAV design commencing from LEO, determine the terrestrial
reachability performance of aeroassisted maneuvers, specifically skip entry, by
overflying a series of geographically-separated ground targets at high, medium, and low
latitudes. For comparison, planar phasing and simple plane change maneuvers will be
simulated as exo-atmospheric alternatives to the aeroassisted maneuvers.

e Employing the Design of Experiments method of orthogonal arrays, determine terrestrial
reachability by optimizing the TAV and aeroassisted maneuver designs based the MOP
of maximizing orbit inclination change while minimizing total maneuver AV. Following
optimization, the performance of the TAV and aeroassisted maneuver designs will be
compared with that of an exo-atmospheric simple plane change.

e Explore the reachability potential of aeroassisted maneuvers as a means for LEO

injection and determine a cursory orbit injection envelope for a TAV commencing from

3
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LEO. Also, provide an assessment of the viability of aeroassisted maneuvers for orbit
injection when compared with exo-atmospheric maneuver alternatives, specifically

combined Hohmann and bi-elliptic transfers.

Methodology

The trajectory dynamics model produces solutions by integrating a set of six nonlinear,
ordinary differential equations of motion which govern the kinetics and kinematics of orbital
flight and atmospheric re-entry. As a means of model verification, the Apollo 10 re-entry initial
conditions will serve as inputs for the trajectory dynamics model so as to compare the resulting
trajectory solutions with the actual re-entry trajectory. In addition to the Apollo 10 capsule
parameters, the re-entry initial conditions — expressed as geodetic values with respect to an

inertial reference frame — are given in the following tables:

Table 1.1. Apollo 10 Re-Entry Initial Conditions*

State Value
Geodetic Altitude, hgdi 123.55077 km
Inertial Velocity, 'V, 11.06715 km/s
Longitude, 6; 174.24384 deg E
Geodetic Latitude, Pga, 23.653003 deg S
Inertial Flight-Path Angle, 'y;  —6.6198381 deg
Inertial Heading Angle, ', 18.0683 deg

* Kerry D. Hicks, Introduction to Astrodynamic Re-Entry, TR 09-03 (Wright-Patterson AFB, OH: Air Force Institute
of Technology, 2009), 377.
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Table 1.2. Apollo 10 Command Module Capsule Parameters®

Pre-Entry Mass, m 5498.22 kg

Planform Area, S 12.017 m?
Coefficient of Drag, Cp 0.40815
Coefficient of Lift, C;, 1.2569

Following the verification phase, the trajectory dynamics model is utilized to estimate the
terrestrial and LEO reachability envelopes for the skip entry and descent-boost types of
aeroassisted maneuvers based on a notional TAV as defined in Table 1.3. Similar to spacecraft
such as the X-37B Orbital Transfer Vehicle (OTV) in terms of dimensional area and mass, the
notional TAV features a theoretical hypersonic lift-to-drag ratio of L/D = 6 that serves to
illustrate the trans-atmospheric maneuvering capability of a vehicle with aerodynamic
characteristics approaching the maximum of Newtonian flow theory.® By comparison, the
hypersonic lift-to-drag ratios of the Space Shuttle and X-33 single-stage-to-orbit concept vehicle

are 1.9 and 1.2, respectively.’

Table 1.3. Notional Trans-Atmospheric Vehicle (TAV) Parameters

Total Wet Mass, m 5000 kg
Planform Area, S 18 m?
Coefficient of Drag, Cp 0.5
Coefficient of Lift, C;, 3.0

® 1bid., 379.

® John D. Anderson Jr., Hypersonic and High-Temperature Gas Dynamics, Second Edition (Reston, VA: American
Institute of Aeronautics and Astronautics, Inc., 2006), 52.

” Michael E. Tauber, “Maximum Lift/Drag Ratio of Flat Plates with Bluntness and Skin Friction at Hypersonic
Speeds,” NASA TM 88338 (Moffett Field, CA: AMES Research Center, 1986), 3; Kevin J. Murphy, Robert J.
Nowak, Richard A. Thompson, and Brian R. Hollis, “X-33 Hypersonic Aerodynamic Characteristics,” Journal of
Spacecraft and Rockets 38, no. 5 (2001): 674.
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As shown in Chapter V, terrestrial reachability is also determined by conducting main
effects and Pareto front analysis to solve the MOP of maximizing inclination change, Ai, while
simultaneously minimizing total AV. Implementing the Design of Experiments method of
orthogonal arrays, the optimization decision space contains both TAV and trajectory design
parameters. Consequently, the notional TAV defined in Table 1.3 represents one combination of
vehicle design parameters to be simulated in order to solve the MOP.

Whether skip entry or descent-boost in nature, the aeroassisted maneuvers each
commence from a circular reference orbit in the LEO altitude regime. Following a de-orbit burn
to transfer from the reference orbit into an elliptical trajectory, the TAV changes the orbital states
of inclination and semi-major axis by leveraging aerodynamic forces in the upper atmosphere.
The amount of change achievable for the orbital states is a direct function of the trans-
atmospheric trajectory perigee altitude as well as the aeroassisted maneuver mechanics,
specifically the TAV bank angle and initial velocity. In order to maximize aerodynamic force
and, therefore, the reachability potential of the aeroassisted maneuver, the TAV must penetrate
deep into the sensible atmosphere during perigee transit at a specified negative bank angle to
create a leftward turn based on the prograde motion of the initial reference orbit. While a
constant bank angle of o = —90 deg is assumed in Chapter 1V, the Design of Experiments
optimization approach in Chapter V utilizes both a constant and variable bank angle within the
orthogonal arrays of experiments. Detailed descriptions of skip entry and descent-boost
maneuvers are provided in Chapters IV and VI, respectively.

As a means of evaluating aeroassisted maneuver performance, the following types of
atmospheric maneuvers are simulated: (1) Phasing maneuver; (2) simple plane change; (3)

Hohmann transfer; (4) combined Hohmann transfer; and (5) bi-elliptic transfer. While other

6
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types of exo-atmospheric maneuver exist, to include planar non-tangential orbit transfers, one-
tangent burns, apsides rotations, and Lambert transfers, the present research is restricted to the
preceding list.® For the first type of exo-atmospheric maneuver, a circular reference orbit in LEO
is simulated for a 24 hour-duration, with the resulting ground track trajectory crossings of the
ground target latitude identified and catalogued. If the latitude crossings are to the east of the
target, then an *“ascending” planar phasing maneuver is formulated so as to create an elliptical,
perturbed orbit with both a period and semi-major axis greater than that of the reference orbit.
Flight along the “ascending” orbit allows for the Earth to rotate a greater angular distance during
the orbit period, thus permitting an over-flight of the target rather than a miss to the east as
originally calculated.

With latitude crossings to the west of the target, two options are available to shift the
ground track trajectory eastward in order to overfly the target. The first option, a “descending”
planar skip maneuver creates an elliptical perturbed orbit with both a period and semi-major axis
less than that of the reference orbit. By entering into the “descending” eccentric orbit, over-flight
of the target is achieved by traversing a greater angular distance during the orbit period, thus
decreasing the westward longitudinal difference to zero. The second option arises when the semi-
major axes calculated for a “descending” maneuver are less than the radius of the Earth as a
result of a large longitudinal difference between the latitude crossing and target. Although
patently infeasible, such cases can be transformed into “ascending” phasing maneuvers which
prevent planetary impact at the cost of an increased time-of-flight to target. Both the “ascending”

and “descending” phasing maneuvers are shown in Fig. 1.1.

® David A. Vallado, Fundamentals of Astrodynamics and Applications, Third Edition (El Segundo, CA: Microcosm
Press, 2007), 324, 335, 464.
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Figure 1.1. Phasing Maneuver Diagrams: “Ascending” (left) and “Descending” (right)

The archetypal out-of-plane exo-atmospheric maneuver, the simple plane change, only
creates a change in orbital inclination as AV is applied at a nodal crossing. By changing orbital
velocity from V; to V¢, an out-of-plane maneuver is executed which transfers the spacecraft from
Orbit (1) to Orbit (2) and thus creating the inclination change Ai as shown in Fig. 1.2. A function
of orbital velocity, flight-path angle, and inclination change, an expression for the AV necessary

to perform a simple plane change is given by:®
. 1 .
AVsimpie = 2V; cosy - sin (E IAlI) 4.7

Known as the Hohmann transfer, the second type of maneuver represents one of the most basic
and efficient transfer options for altering the orbital semi-major axis. Depicted in Fig. 1.3, the

Hohmann transfer is coplanar by definition and consists of a spacecraft first performing a

° 1bid., 345-346.
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tangential impulsive burn in circular parking orbit (A) to enter into an elliptical transfer orbit (1)
at periapsis. Once in the transfer orbit, the spacecraft does not thrust until apoapsis where another

AV burn is performed to re-circularize at the desired mission orbit (B).*°

Figure 1.2. Simple Plane Change Diagram

0|

Figure 1.3. Hohmann Transfer Diagram

1 Robert A. Bettinger and Jonathan T. Black, “Mathematical Relation between the Hohmann Transfer and
Continuous-Low Thrust Maneuvers,” Acta Astronautica, 96 (2014): 42.
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For cases in which the parking and mission orbits are non-coplanar, the combined
Hohmann transfer in Fig. 1.4 is utilized to change both inclination and semi-major axis. In order
to minimize the total AV, the inclination change is incorporated into the transfer burns at both
(A) and (B) based on the expressions Aiy, = sAi and Aig = (1 — s)Ai. One option of determining
the “best” amount of inclination change to perform at each burn consists of iterating the

transcendental equation given by Eq. (1.1):**

AV 4V V4 g sin(Aig)
AVBVaVi1,4

sin(Aiy) = (1.1)

where V, is the orbital velocity at parking orbit (A), Vp is the orbital velocity at mission orbit (B),
V1 4 Is the velocity at transfer orbit periapsis, and V; p is the velocity at transfer orbit apoapsis. A
second option, which is used for descent-boost maneuver comparative analysis in Chapter VII,
involves an analytic approximation that estimates the “best” allocation of inclination change to

within about 0.5 deg is shown below, where R = 75 /7.

1 -1 sin(Ai)
s= Ai tan [R3/2+cos(Ai)] (1.2)

Figure 1.4. Combined Hohmann Transfer Diagram

1 vallado, 354.
12 Ibid., 355.
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Finally, the bi-elliptic transfer in Fig. 1.5 is similar to the Hohmann transfer such that the
parking, mission, and transfer orbits are all coplanar. Although efficient in terms of AV, the bi-
elliptic transfer features the longest time-of-flight as compared with the preceding maneuvers.
Rather than a direct elliptical transfer from the parking to the mission orbit, the bi-elliptic is
characterized two transfer ellipses. After performing a tangential impulsive burn at (A), the
spacecraft enters into an elliptical transfer orbit (1) until apoapsis at the intermediate orbit (B),
which for the example given in Fig. 1.5 is at an altitude greater than the mission orbit altitude. At
(B), a second impulsive burn is performed to enter into second elliptical transfer orbit (2) and

subsequent re-circularization at the mission orbit (C).

Figure 1.5. Bi-Elliptic Transfer Diagram

11
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Preview

With the research objectives defined and an outline of the analysis methodology provided
in Chapter 1, Chapter Il comprises a review of relevant literature pertaining to aeroassisted
maneuvers and the re-entry environment. An extension of Chapter Il, a review of literature
related to both the Design of Experiments (DOE) method and alternative approaches to
maneuver optimization is given in Chapter V. In Chapter Ill, the first section explores the
simplifying assumptions pertaining to the atmospheric density and TAV models which underpin
the trajectory dynamics model. The second section provides a detailed presentation of the
equations of motion and the gravity model, as well as the verification of the trajectory dynamics,
deceleration, and heat flux models. Chapter IV presents a comparative study of ground target
over-flight performance for skip entry and exo-atmospheric phasing and simple plane change
maneuvers. In Chapter V, the DOE method of orthogonal arrays is employed to optimize both
TAV design and the trajectory of an atmospheric skip entry maneuver. Next, Chapter VI
examines the use of aeroassisted descent-boost maneuvers for LEO injection and reachability.
Chapter VII discusses potential air and space law challenges contemporarily associated with the
prospect of executing aeroassisted maneuvers, and, finally, Chapter VIII concludes with a
presentation of the significance of the present research as well as recommendations for future
research. Presented using the scholarly article format, Chapters IV-VII represent manuscripts
submitted to various aerospace engineering journal publications. In terms of ancillary material,
Appendix A outlines the algorithms for exo-atmospheric maneuver implementation, Appendix B
presents the direct formulation for geodesies on an ellipsoidal planetary model, Appendix C
provides a guide for extracting the six Keplerian orbital elements from a Two-Line Element

(TLE) set, and an algorithm for solving a Lambert transfer is given in Appendix D.

12
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Il. Literature Review

Chapter Overview

The purpose of this chapter is to provide an overview of the relevant research pertaining
to aeroassisted, trans-atmospheric maneuvers and their utilization as an alternative to traditional
exo-atmospheric maneuvers. Besides analyzing the viability of leveraging aeroassisted
maneuvers as a means of altering the orbital elements of a given spacecraft in low-Earth orbit
(LEO), preceding studies have also focused on modeling spacecraft aerodynamics as well as the

flow and heating environment of the upper atmosphere.

Types of Aeroassisted Maneuvers

Fundamentally, three types of aeroassisted maneuvers can be identified, each
representing synergistic maneuvers since they utilize both atmospheric forces — in the form of
aerodynamic drag and lift — and propulsive forces. The first type, known as aerobang
maneuvers, consists of a trans-atmospheric flight trajectory augmented by continuous thrusting at
maximum throttle. Employed to not only vary the spacecraft’s angle-of-attack, maximum thrust
also limits the duration of atmospheric flight, thereby reducing total heating during re-entry. Due
to the higher velocity of the aerobang maneuver, however, the spacecraft potentially could
experience an increase in re-entry heat flux depending on the altitude of trans-atmospheric
flight.® Similarly, the second type of maneuver, known as aerocruise, also utilizes propulsive
force during the trans-atmospheric trajectory, but at a throttle level sufficient to only counteract
aerodynamic drag. The third maneuver type, known as aeroglide, is analogous to a skip entry

maneuver. Relying primarily on aerodynamic forces, aeroglide maneuvers produce a gliding,

3 Richard E. Johnson, “Effects of Thrust Vector Control on the Performance of the Aerobang Orbital Plane Change
Maneuver” (MS Thesis, Department of Aeronautical and Astronautical Engineering, Naval Postgraduate School,
1993): 3-4.
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unpowered trajectory which only employs propulsive forces to de-orbit prior to and re-circularize
at the end of the maneuver.’® Despite experiencing greater total heating stemming from
prolonged flight through lower, denser regions of the atmosphere, aeroglide maneuvers are the
least expensive in terms of fuel consumption compared with the aerobang and aerocruise
alternatives. As measured by the change in orbit inclination per quantity of fuel expended,
aerocruise maneuvers have been shown to become increasingly efficient as the bank angle
increases during the trans-atmospheric trajectory.’®

Primarily used for interplanetary trajectories, supplementary types of aeroassisted
maneuvers consist of aerobrake, aerocapture, and aerogravity assist. Described as purely
aerodynamic in nature, aerobrake maneuvers produce a reduction in eccentricity and semi-major
axis as a result of aerodynamic drag effects induced with successive perigee passages through the
upper atmosphere. Alternatively, aerocapture maneuvers exploit atmospheric drag to reduce
orbital energy thereby changing an orbit from hyperbolic to elliptic, while aerogravity assist
maneuvers modify the orbital elements of a hyperbolic trajectory by utilizing the combined

effects of aerodynamic, gravitational, and propulsive forces.*

Aeroassisted Maneuver Performance
Skip maneuvers simulated without heat flux path constraints for vehicles in LEO have
been demonstrated to have a similar propellant-efficiency with exo-atmospheric maneuvers for

changes in inclination less than 3 deg.!” For Ai > 3 deg, the propellant expenditure of skip and

™ Ibid.

15 John C. Nicholson, “Numerical Optimization of Synergistic Maneuvers” (MS Thesis, Department of Aeronautical
and Astronautical Engineering, Naval Postgraduate School, 1994), 5.

18 Christopher L. Darby and Anil V. Rao, “Optimal Impulsive LEO to LEO Multiple-Pass Aeroassisted Orbital
Transfer for Small Spacecraft” (paper presented at the 20" AAS/AIAA Space Flight Mechanics Meeting, San
Diego, CA, 15-17 February 2010): 3.

17 Christopher L. Darby and Anil V. Rao, “Minimum-Fuel Low-Earth Orbit Aeroassisted Orbital Transfer of Small
Spacecraft,” Journal of Spacecraft and Rockets 48, no. 4 (2011): 621-622.
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simple plane change maneuvers begin to diverge, with simple plane change maneuvers requiring
87% more AV to execute a plane change of Ai = 20 deg. As the inclination change increases
to 40 deg, the difference in propellant expenditure also increases with simple plane changes
requiring 175% more AV than skip entry.'® Although the minimum maneuver AV increases as
the number of atmospheric passes increase, skip entry remains more efficient than exo-
atmospheric maneuvers for Ai > 15 deg.'® Even with the imposition of a heat flux path
constraint, skip entry maneuvers remain more propellant efficient than exo-atmospheric
maneuvers for Ai > 15 deg despite increases in AV related to decreases in maximum heat flux.”

In their paper “Numerical Optimization Study of Multiple-Pass Aeroassisted Orbital
Transfer,” Rao, Tang, and Hallman studied the problem of a minimum-impulse multiple-pass
aeroassisted orbital transfer from geostationary orbit (GEO) to LEO with a large inclination
change, subject to constraints on heat flux, angle-of-attack, and transfer time.?! For their notional
TAV, the total aeroassisted inclination change approaches a limit of approximately 36.2 deg as
the number of atmospheric passes increases. In all test cases, the aeroassisted maneuver offered
“substantial savings” in AV when compared with the non-coplanar combined Hohmann and bi-
elliptic transfers.?” Similarly, Miele, Lee, and Mease in their paper “Optimal Trajectories for
LEO-to-LEO Aeroassisted Orbital Transfer” developed a series of optimal control orbit transfer
problems from which to compare the relative performance of aeroassisted maneuvers with that of
Hohmann-style, exo-atmospheric maneuvers. Through their analysis, Miele, Lee, and Mease

identified that aeroassisted maneuvers required less energy than the bi-elliptic transfer to

*® Ibid.

9 Darby and Rao, “Optimal Impulsive,” 45.

% Ibid., 47.

1 Anil V. Rao, Sean Tang, and Wayne P. Hallman, “Numerical Optimization Study of Multiple-Pass Aeroassisted
Orbital Transfer,” Optimal Control Applications and Methods 23 (2002): 215.

% Ibid., 228-230.
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minimize the energy required for orbital transfer, in addition to minimizing the “time integral of
the square of the path inclination,” or flight-path angle. For the problem of minimizing the peak
heating rate, however, the aeroassisted maneuvers required more energy than the bi-elliptic
transfer case.”®

In addition to maneuver comparative analyses, a segment of current literature focuses on
the formulation of skip entry guidance algorithms. Specifically tailored for capsule-style entry
vehicles with a low lift-to-drag ratio, most of these algorithms provide control guidance during
the re-entry phase of a lunar-return trajectory. In their paper “Skip Entry Trajectory Planning and
Guidance,” Brunner and Lu developed an on-board, closed-loop numerical predictor-corrector
algorithm for re-entry trajectories featuring an initial skip entry flight segment.?* Employing full
three-degree-of-freedom dynamics, the algorithm not only computes the required bank angle to
achieve the desired final range condition, but also accounts for bank-angle reversals during re-
entry, and features lift and drag acceleration filters.” Intended for use with the Orion capsule,
Putnam, Neave, and Barton in “PredGuid Entry Guidance for Orion Return from Low Earth
Orbit” formulated a numerical predictor-corrector algorithm that operates a non-spherical
planetary model with the inclusion of J,-perturbations, and can be used for both lunar and LEO
re-entry.”® As an alternative algorithm, Kluever in “Entry Guidance Using Analytical

Atmospheric Skip Trajectories” developed a guidance method that uses analytical trajectory

2 A. Miele, W. Y. Lee, and K. D. Mease, “Optimal Trajectories for LEO-to-LEO Aeroassisted Orbital Transfer,”
Acta Astronautica 18 (1988): 110, 115.

2 Christopher W. Brunner and Ping Lu, “Skip Entry Trajectory Planning and Guidance,” Journal of Guidance,
Control, and Dynamics 31, no. 5 (2008): 1210.

% Ibid., 1218-1219.

% Zachary R. Putnam, Matthew D. Neave, and Gregg H. Barton, “PredGuid Entry Guidance for Orion Return from
Low Earth Orbit” (Paper presented at the 2010 IEEE Aerospace Conference, Big Sky, Montana, 6-13 March
2010): 2, 6.
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solutions obtained from matched asymptotic expansions.?’ Further information regarding the
mathematical foundation of Kluever’s algorithm is found in “Solution of the Exact Equations for
Three-Dimensional Atmospheric Entry Using Directly Matched Asymptotic Expansions” by
Busemann, Vinh, and Culp,? as well as “Three-Dimensional Atmospheric Entry Problem Using
Method of Matched Asymptotic Expansions” by Naidu.*

Examining the relative performance of aerobang and aerocruise maneuvers in their paper
“Optimality of the Heating-Rate-Constrained Aerocruise Maneuver,” Ross and Nicholson
concluded that the aerobang maneuver is superior to both aerocruise and the exo-atmospheric
simple plane change. For the same propellant expenditure, the aerobang maneuver produced an
inclination change of approximately 17 deg, whereas the aerocruise and simple plane change
alternatives were lower at Ai ~ 15deg and Ai ~ 11 deg, respectively.®® In his paper
“Combining Propulsive and Aerodynamic Maneuvers to Achieve Optimal Orbital Transfer,”
Hanson simulated the synergetic and purely aerodynamic forms of aeroassisted maneuvers and
compared the respective orbital transfer performance results with exo-atmospheric maneuvers.
Overall, Hanson identified that synergetic aeroassisted maneuvers required the lowest AV
expenditure by leveraging both aerodynamic and propulsive forces.®* Finally, Ikawa and Rudiger

in “Synergetic Maneuvering of Winged Spacecraft for Orbital Plane Change” demonstrated that

2T C. A. Kluever, “Entry Guidance Using Analytical Atmospheric Skip Trajectories,” Journal of Guidance, Control,
and Dynamics 31, no. 5 (2008): 1531.

8 Adolf Busemann, Nguyen X. Vinh, and Robert D. Culp, “Solution of the Exact Equations for Three-Dimensional
Atmospheric Entry Using Directly Matched Asymptotic Expansions,” NASA CR-2643 (Washington, D.C.:
National Aeronautics and Space Administration, 1976): 1-33.

# D. S. Naidu, “Three-Dimensional Atmospheric Entry Problem Using Method of Matched Asymptotic
Expansions,” IEEE Transactions on Aerospace and Electronic Systems 25, no. 5 (1989): 660-667.

%0 1. Michael Ross and John C. Nicholson, “Optimality of the Heating-Rate-Constrained Aerocruise Maneuver,”
Journal of Spacecraft and Rockets 35, no. 3 (1998): 361-364.

1 John M. Hanson, “Combining Propulsive and Aerodynamic Maneuvers to Achieve Optimal Orbital Transfer,”
Journal of Guidance, Control, and Dynamics 12, no. 5 (1989): 732-738.
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spacecraft performing synergetic aeroassisted maneuvers during high-lift, high-drag flight
produce a greater change in inclination than those operating at the maximum lift-to-drag ratio.*

Performing purely exo-atmospheric maneuvers, Co analyzed the capability of achieving
global reach in three separate scenarios: (1) Walker constellation; (2) a single non-maneuvering
satellite; and (3) two maneuvering satellites (one with chemical propulsion and the other with
electric).® In the third scenario, a notional satellite with electric propulsion starting from a
500 km-altitude retrograde orbit performed a series of continuous low-thrusting phasing
maneuvers in order to overfly a series of 10 sample ground targets during a 10.5-day campaign.
Illustrating the capability of global reach in minimum time, several sample ground targets were
overflown, to include Tokyo after an elapsed time of approximately 60 hr with a AV expenditure
of 0.095 km/s, and Moscow with a time-of-arrival of 140 hr and AV = 0.18 km/s.>* Overall, a
single electric propulsion satellite was demonstrated to perform a “worst case” of approximately
40 maximum-AV maneuvers for a total AV of 6.5 km/s. In terms of global reach, it was shown
that even the “worst case” targets located furthest from the reference ground track trajectory
could be reached and overflown in 2.5 days. *

Extending Co’s research, Dalton in his thesis entitled “Ground Target Over-Flight and
Orbital Maneuvering via Aeroassisted Maneuvers” demonstrated the global reach of aeroassisted
skip entry maneuvers by identifying terrestrial reachability envelopes for various initial

36

inclination, RAAN, and altitude conditions.™ Assuming both a spherical planetary and

%2 H. Ikawa and T. F. Rudiger, “Synergetic Maneuvering of Winged Spacecraft for Orbital Plane Change” (Paper
presented at the AIAA 20th Aerospace Sciences Meeting, Orlando, FL, 11-14 January 1982): 1-10.

% Thomas C. Co, “Operationally Responsive Spacecraft Using Electric Propulsion” (Ph.D Dissertation, School of
Engineering and Management, Air Force Institute of Technology (AU), 2012): 218.

** Ibid., 187-188, 190.

% Ibid., 226.

% Devin K. Dalton, “Ground Target Over-Flight and Orbital Maneuvering via Aeroassisted Maneuvers” (MS
Thesis, School of Engineering and Management, Air Force Institute of Technology (AU), 2014):; 77-81.
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gravitational model, Dalton also developed closed-form analytical equations for the computation

of AV and time-of-arrival for skip entry, phasing, and simple plane change maneuvers.*’

The Atmospheric Flow Environment and TAV Aerodynamics

Underpinning all trajectory analyses and simulations of aeroassisted maneuvers is the
method by which the atmosphere is modeled. Due to the short time scales involved with
atmospheric entry scenarios, various atmospheric dynamics can be deemed negligible, primarily
geomagnetic-induced variations in density and temperature arising due to the solar cycle and
related space weather phenomena. As a result, a single atmospheric model can be devised that
depicts density as not only decaying exponentially as altitude increases, but also independent of
any effects due to time of day, season, or geographic location. Such a model, defined in
Vallado’s Fundamentals of Astrodynamics and Applications, was utilized by Gargasz in his
thesis “Optimal Spacecraft Attitude Control Using Aerodynamic Torques,” and Hajovsky in his
thesis “Satellite Formation Control Using Atmospheric Drag.”>®

In addition to depicting the macroscopic atmospheric environment as a function of
altitude, aeroassisted maneuver simulations have also sought to garner increased model fidelity
by capturing the flow characteristics of the upper atmosphere and their relation to TAV
aerodynamics. In his study of the viability of achieving three-axis attitude control using only
aerodynamic torques, Gargasz divided interactions between the various atmospheric species and

a TAV into two categories: specular and diffuse collisions. Storch, in Aerodynamic Disturbances

on Spacecraft in Free-Molecular Flow, defines specular collisions as deterministic momentum

¥ Ibid., 42, 60, 65, 67, 72.

% Vallado, 562; Michael L. Gargasz, “Optimal Spacecraft Attitude Control Using Aerodynamic Torques” (MS
Thesis, School of Engineering and Management, Air Force Institute of Technology (AU), 2007); Blake B.
Hajovsky, “Satellite Formation Control Using Atmospheric Drag” (MS Thesis, School of Engineering and
Management, Air Force Institute of Technology (AU), 2007).

19

www.manaraa.com



transfer processes in which the angle of incidence equals the angle of reflection, with the incident
velocity, reflected velocity, and surface normal all representing coplanar quantities.* For diffuse
collisions, the incident molecules are “trapped into the interstices” of the surface and lose all
knowledge of the incoming direction. Subsequently, the molecules are re-emitted from the
surface with a random distribution of speed and direction governed by the cosine distribution.*

Aside from collisions between atmospheric species and the TAV surface, King-Hele in
his book Satellite Orbits in an Atmosphere: Theory and Applications identifies a specific
example in which interactions with the atmospheric chemical environment directly effects TAV
aerodynamics. King-Hele states that while traversing an altitude of 200 — 300 km within the
atomic oxygen-rich thermosphere, a TAV acquires “at least a mono-layer” of atomic oxygen on
its surface either by mechanisms of chemisorption or physisorption. With this layer present on
the TAV surface, most air molecules will strike the atomic oxygen rather than the atoms of the
surface material.** As a TAV increases altitude above the layer of atomic oxygen and enters the
exosphere, atmospheric species predominance shifts from oxygen to helium, and then to
hydrogen. King-Hele explains that the decreasing molecular weight of the atmospheric species
colliding with the mono-layer of atomic oxygen produces an increase in the TAV drag
coefficient from 2.2 to approximately 2.4.%

The flow environment for aeroassisted maneuvers can also be expressed in terms of flow
regime rather than momentum exchange. In his thesis “Investigation of Atmospheric Re-Entry

for the Space Maneuver Vehicle,” McNabb describes that for a given re-entry trajectory, a TAV

% J. A. Storch, Aerodynamic Disturbances on Spacecraft in Free-Molecular Flow (El Segundo, CA: The Aerospace
Corporation, 2002), 3.

“* bid.

“! Desmond King-Hele, Satellite Orbits in an Atmosphere: Theory and Applications (Glasgow, Scotland: Blackie
and Son Ltd., 1987), 23.

* Ibid., 24.
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will operate in the rarefied (free molecular), transition (slip-flow), and continuum flow regimes
of the upper atmosphere. Defined by the Knudsen number (Kn), or the ratio of the particle mean
free path to characteristic length of the TAV aerodynamic chord, McNabb identified rarefied
flow as Kn > 10, transitional flow as 0.01 < Kn < 10, and continuum flow as Kn < 0.01.®
As the depth of atmospheric penetration increases during the execution of an aeroassisted
maneuver, the atmospheric density increases and, as a result, the flow regime transitions from
rarefied to continuum flow as altitude decreases.

With the flow characteristics established for flight in the upper atmosphere, the
aerodynamics of a TAV can be determined by either assuming or directly calculating values for
the drag and lift coefficients. Consulting a Douglas Aircraft Company technical report entitled
“Surface-Particle-Interaction Measurements using Paddlewheel Satellites,” Guettler in his thesis
“Satellite Attitude Control using Atmospheric Drag” assumes a constant value drag coefficient of
2.2 for his analysis regarding the employment of aerody