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This paper explores trajectory options for the human exploration of Mars, with an
emphasis on conjunction-class missions. Conjunction-class missions are characterized by
short in-space durations with long surface stays, as opposed to the long in-space durations
and short surface stays characteristic of opposition-class missions. Earth-Mars and Mars-
Earth trajectories are presented across a series of mission opportunities and transfer times
in order to explore the space of possible crew and cargo transfer trajectories. In the specific
instance of crew transfer from Earth to Mars, the potential for aborting the mission without
capture into Mars orbit is also of interest. As such two additional classes of trajectories are
considered: free-return trajectories, where the trajectory would return the crew to Earth
after a fixed period of time; and propulsive-abort trajectories, where the propulsive
capability of the transfer vehicle is used to modify the trajectory during a Mars swing-by.
The propulsive requirements of a trajectory, due to their associated impact on spacecr aft
mass, are clearly of interest in assessing trajectories for human Mars missions. Beyond the
propulsive requirements, trajectory selection can have a significant impact on the entry
velocity and therefore the aeroassist system requirements. The paper suggests potential
constraints for entry velocities at Earth and Mars. Based upon Mars entry velocity, the 2-
year period freereturn abort trajectory is shown to be less desirable than previousy
considered for many mission opportunities.

|. Introduction

HIS paper provides an overview of interplanetagyjeirtory options for the human exploration of Mdaking

into account propulsive, crew support, and aereassguirements, with the intent of providing daszful for
planning human missions to Mars. In order to prexadfull range of information for mission planners trajectory
options are examined across the 8 mission oppdiganbetween 2020 and 2037, inclusively. As the geta
period of the positions of the Earth and Mars ®irtlorbits is approximately 15 years, the datatbais be employed
for conceptual design of Mars missions for any missopportunity. The primary metrics computed fbe t
trajectory options include the propulsive deltaequired to escape the departure planet and reachiekired
trajectory, the in-space transfer duration, andehty velocity at the arrival planet. Each of #hgmrameters is
important for the design of spacecraft in termspadpulsion, crew habitation, and aeroassist systémscases
where propulsive as opposed to aerodynamic cajguised, the entry velocity can be converted toréupiired
propulsive capture delta-v by subtracting the @esipericenter velocity of the captured orbit frohe tentry
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velocities provided.) In addition, the choice ddjéctories dictates the available stay time at Melngch is also
provided.

A. Interplanetary Trajectory Modeling

Two major types of human Mars missions have beepgsed based upon their interplanetary trajectenies
associated Mars stay times, known as conjunctiasscfor long-stay) and opposition-class (or shagt)smissions.
Conjunction-class missions are characterized by kiny times on Mars (order of 400 to 600 dayS)rtsin-space
durations (approximately one year total for thetldlars and Mars-Earth legs), and relatively snpatipulsive
requirements. Opposition-class missions have sagmifly shorter Mars stay times (order of 30 tod@§s), long in-
space durations (approximately 1.5 years total ther Earth-Mars and Mars-Earth legs), and relativialge
propulsive requirements. As conjunction-class ttajges offer increased benefit (greater Mars sitag), at lower
cost (propulsive requirements) and lower risk (thuéhe decreased time in deep-space), they sertreedecus for
the trajectories in this paper.

The conjunction trajectories explored in this
paper include both Earth-Mars and Mars-Earth leg 2
in which the trip time is constrained to various
durations between 180 and 270 days. This provide 151
an overview of savings in trip time which can be
gained through increases in propulsive delta-v, an I r P N
can be useful for planning both crew and cargc asl
transfers. An example of such trajectories i<
provided in Figure 1. In addition, for the crew
transfer from Earth to Mars, the option to provale i
free return abort capability may offer benefits. In ~ A7
such a transfer, the spacecraft is placed on afgan al "\
from the Earth to Mars which also returns to Eaith e TOF, 220 [days]
a specified point in the future, without the need f A5F STAY: 477 [days] -
any action by the spacecraft in order to enact such Conv.Conjunction ~ TOFy 220[days]
transfer (in practical usage, mid-course correetion 25 2 45 4 05 0 05 1 15 2 25
would likely be necessary). Typically such *[AV]
trajectories employ a resonance in the periodfigurel. Example outbound (Earth-Mars) and
between the transfer trajectory and the orbit @f thinbound (Mars-Earth) conjunction trajectories
Earth about the Sun.In this paper, free return relative to the orbits of the Earth and Mars for an
trajectories with a 2 year period or 2:1 Earth toEarth departurein 2024 and an Earth return in 2026.
spacecraft revolution about the Sun resonance, ampth trajectories are fast conjunction transfers with
with a 1.5 year period, or 3:2 Earth to spacecraftransit durations of 220 days. The x and y axes are in
revolution about the Sun resonance, are investigateAstronomical Units (AU).

The 2:1 resonant trajectories are called 2 year fre

return trajectories, as the period of time fromtRateparture to Earth return will be 2 years if #imrt option is
taken. Similarly, the 3:2 resonant trajectories eafled 3 year free return trajectories as the tinoen Earth

departure to return is 3 years in the case of amtalhis paper also explores an option for a pisipe abort

trajectory, in which if the crew opts to forgo cayet at Mars, an abort burn is performed which @abe spacecraft
on an interplanetary trajectory that will returretbrew to Earth. For the purposes of this paperh stajectories
have an Earth departure to Earth return time (@dhse of an abort) of slightly over 2 years. Bbth free return
and the propulsive abort trajectories offer thespext for the crew to return home without captur®ars in the

case of failure of some system already at Marstloeravise required for the safe return of the creviearth. Both

abort trajectory options clearly place a requiretraamthe outbound spacecraft of being able to suppe crew

during the lengthy return to Earth, and in the aastie propulsive abort trajectories add an addél critical event
in the case of an abort. Whether such abort trajiest are employed is a decision to be analyzednlsgion

planners and eventually determined by programnuB@ision makers. The information in this papemiemnded to
serve as a reference in assisting with such dexsio

DEP: 2024, ARR: 2026
o " DV, 39 [kmis]
DEP Dv: 24 [kmis] |

y [AU]
o

The interplanetary trajectories examined in thipggamake use of the J2000 ephemeredes for detagmini
planetary position3.The delta-v's are assumed to be impulsive in matér patched conic method with the
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assumption that the sphere of influence radii ahpts are negligibly small relative to the intengt@ry path lengths
traveled is used for the trajectory calculatfohll trajectories (conventional inbound / outbourficge return, and
propulsive abort) were optimized for minimum depegtC3 energy (and thus minimum departure deltd#Vinore
detailed trajectory design, attempts to also omtmother parameters such as entry velocity wowdlyi be
worthwhile. Sequential quadratic programming (S@RJ)sed for the optimization. All interplanetargjgctory code
was written and executed in MATLAB.

B. Aeroassist M odeling

Aeroassist maneuvers will likely be required fomfan Mars exploration to decrease vehicle mass. assist
maneuvers performed at both Mars arrival and Egetlirn virtually eliminate the propellant requiréal slow
mission assets down in an all-propulsive architectiPrevious analyses estimate that the use ofassisd
maneuvers may offer significant reductions in thidal mass of a crewed Mars vehicle, potentiaygoeater than
50%:>° This reduction in vehicle mass implies a simikduction in cost which may be mission enabling.

Aeroassist trajectories use a planetary atmospbemtter the vehicle velocity vector non-propul$vel hrough
aeroassist, the vehicle velocity vector magnituat @irection may be altered through judicious usassodynamic
forces. Aeroassist trajectories dissipate vehiakergy through heat transfer, creating an extremerntal
environment which a successful entry vehicle mustvige. The peak heat rate, integrated heat loadl a
deceleration environment experienced by an entrjiclee are functions of vehicle mass, aerodynamics,
aeromaneuvering, and the vehicle state at atmosphesrface. High speed steep entries incur tigbdst heat rates
and largest peak decelerations, while high speatioshentries incur the largest integrated heatiodn all cases,
the aerothermal environment becomes more extrerfeimgreasing entry velocity magnitude. However eatry
vehicle may utilize aeromaneuvering to minimize fewverity of the aerothermal and deceleration enwirents.
Two types of aeroassist maneuvers are relevanirtah Mars missions: entry and aerocapture.

Entry maneuvers use a planetary atmosphere toatatefrom high velocity and descend to the plamaitface
(Figure 2). Entry may occur from inbound hyperbdlajectories or from orbit. Entry from orbit reges a small
propulsive maneuver to lower the periapsis of thieicle orbit into the atmosphere.

Aerocapture maneuvers use a planetary atmosphetecelerate from a hyperbolic trajectory to a boartit
during a single atmospheric pass. Aerodynamic dnagrred during the atmospheric pass reduces theleés
energy to a desired value. After the vehicle ettiessatmosphere with the correct energy, a propalsianeuver is
required to raise the periapsis of the vehiclehstayut of the atmosphere.

Transfer Orbit . .
Parking Orbit

Atmospheric Pass

AV at apoapsisto //
raise periapsi

/7
\Atmospheric

Descent to Surface

AV at periapsis
to correct for
apoapsis error

Inbound Inbound
Trajectory Trajectory

a) b)
Figure2. Human Mars mission aeroassist trajectories: (a) entry and (b) aerocapture.

Entry trajectory analysis of aeroassist maneuvefSaath and Mars was performed with the three-degife
freedom version of the Program to Optimize Simulateajectories (POST)The linear feedback control option
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was used to fly constant altitude and constant ldeaiton entry trajectories by utilizing lift conirthrough bank
angle modulation. Historic aerodynamic data wasiugken available for this analysis. For non-hegtaghicles,
aerodynamic analysis was performed using the tangene method option in the Aerodynamic Preliminary
Analysis System (APAS)The fidelity of the aerodynamic data in the hypeis regime generated by APAS is on
the order of the fidelity of the entry trajectorgadyses performed. Aeroheating calculations werfopaed with
two stagnation point heating approximation meth@imvective heating was calculated using Chapmegstioni
and radiative heating was calculated using the @aSnitton approximatidh The results for both calculations were
summed to find the total stagnation point heat aaie integrated heat load as a function of timesfarh trajectory.

II. Standard Conjunction Trajectory Optionsfor Earth-Marsand Mars-Earth Transfers

In this section we explore fast conjunction trapegtoptions for Earth-Mars and Mars-Earth transferith
transfer durations set in 10 day increments froi 18270 days. 180 days represents a suggestedofgsinction
transfer time from previous studié$*? 270 days represents the maximum Type | (less 1&ndegree transfer
about the Sun) transfer duration. The values ofdape delta-v and arrival entry velocity are prded for each of
the trajectories. In addition, the Mars stay tinagsociated with the outbound (Earth-Mars) traresies presented
relative to a fixed duration inbound (Mars-Eartejurn transfer, followed by the sensitivity of Matay time to the
inbound transfer duration.

A. Earth-MarsOutbound Trajectories

Figure 3 shows the Earth departure delta-v for €astjunction transfers with durations of 180 to 2a¥dys.
These trajectories are suitable for cargo fligistsvall as crew flights (if an abort option is netested) to Mars. In
observing the delta-v graph, one can see thatyirparticular departure opportunity a trade exigtsMeen the delta-
v and the flight time, although the minimum delt@my rarely corresponds with the maximum trangiee. It is
useful to consider the delta-v required to be &blmake an Earth-Mars transfer in any opporturgisythis could be
used in sizing a system which could then operatesacll opportunities, supporting a continuoususege of Mars
missions. In this case the delta-v required if giatime is not an issue is just under 4 km/s (&8s in our
analysis). Interestingly, this is very close to theta-v required to enable a 180 day transfervierye opportunity
(4.08 km/s in our analysis). As such, it does mgtear that enabling 180 day (or faster) Earth-Manssfers in all
mission opportunities will be overly burdensomenfra delta-v perspective.

i B Fast Conjunction (180 day outbound)
@ Fast Conjunction (190 day outbound)
0O Fast Conjunction (200 day outbound)
@ Fast Conjunction (210 day outbound)
O Fast Conjunction (220 day outbound)
O Fast Conjunction (230 day outbound)
B Fast Conjunction (240 day outbound)
0O Fast Conjunction (250 day outbound)
B Fast Conjunction (260 day outbound)
@ Fast Conjunction (270 day outbound)

Earth Departure Delta-V [km/s]

0 4 L1 i 111} Ll
2020 2022 2024 2026 2028 2030 2033 2035 2037

Earth Departure Opportunity [Year]

Figure3. Low Earth orbit departure Delta-V for Earth-Mars fast-conjunction trajectories with transit times
from 180 to 270 days, over Earth departure opportunities from 2020 to 2037.
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Figure 4 shows the Mars arrival entry velocity floe same set of trajectories. In contrast to thgadare delta-
V's, the arrival entry velocities tend to show esger correlation between lower entry velocitiad éonger transit
times, in particular in the cases with higher entgjocities. The minimum required entry velocitypadility to
support missions across all opportunities is apprately 7.26 km/s, driven by the shallow minimumtire 2028
mission opportunity, and enabling a 210 day trangfethat case. If the Mars aerocapture/entry sgysteere
developed so as to support missions in all oppartsn(meaning entry velocities of up to 7.26 kmke 2030
opportunity would end up with the longest transitd, namely 240 days, although in many cases tréings of
180 days (or less) would be feasible with such stesy. The 2030 opportunity in general appears fer dhe
greatest challenge for faster transits from anyewéocity perspective, requiring a 9.62 km/s entgjocity for a
180 day transfer and an 8.27 km/s entry velocityad®00 day transfer. (It should also be noted fihiathe 2030
case, while increasing the transit time furthersddecrease the entry velocity, doing so incredse&arth departure
delta-v significantly above 4 km/s until transings of approximately 240 days are reached.)

14
13
12 m Fast Conjunction (180 day outbound)
E 11 @ Fast Conjunction (190 day outbound)
g 10 0O Fast Conjunction (200 day outbound)
= 9 _ @ Fast Conjunction (210 day outbound)
% 3 | N O Fast Conjunction (220 day outbound)
> 6 L 1 O Fast Conjunction (230 day outbound)
‘? 5 @ Fast Conjunction (240 day outbound)
ué 4 O Fast Conjunction (250 day outbound)
g 3 B Fast Conjunction (260 day outbound)
2 @ Fast Conjunction (270 day outbound)
1 i
O i | | Ll 11 111

2020 2022 2024 2026 2028 2030 2033 2035 2037
Earth Departure Opportunity [Year]

Figure4. Mars arrival entry velocities for Earth-Mars fast-conjunction trajectories with transit times from
180 to 270 days, over Earth departure opportunities from 2020 to 2037.

In viewing the Mars entry velocity and Earth depeetdelta-v information together, it appears thardentry
velocity will be a stronger constraint on trangibés than Earth departure delta-v. Given that canigsions are
likely to be insensitive to transit times, it appethat developing cargo transportation systems sliat they can
provide an Earth departure delta-v of approximatekm/s and support Mars entry velocities of upZtd6 km/s
(both with appropriate margin) would be reasonalfer crew missions utilizing standard fast conjiorct
trajectories, consideration of increasing the Mamgry velocity capability may be worthwhile in ord® enable
faster Earth-Mars transit times in the more chajieg opportunities.

B. Mars-Earth Inbound Trajectories

Figure 5 shows the Mars departure (Trans-Earttctlioe) delta-v for each Earth return opportunitynfr 2*020
to 2037 for transfers with return transit duratiafsl80 to 270 days, based upon return from a loavd\orbit. It
should be noted that due to the nature of the alrawnd departure dates, a crew transiting to Marsnie Earth

" Options to decrease the required Earth returmdetixist through the use of an elliptic Mars rervdeis orbit, in
the case of architectures involving a Mars orhiidezvous prior to return. Such elliptic orbits effeely transfer a
portion of the Earth return delta-v from the Eamtfurn vehicle towards the Mars ascent vehicle. Ginentity of
delta-v to be transferred is subject to trade @bhaith other complexities arising from the use lip&c orbits), and
if such a strategy is used the transferred dettarvbe subtracted from these figures. The maximelta-¢ that can
be transferred is approximately 1.3 km/s, in ortbekeep the Earth return vehicle in a bound Maitstowith
reasonable orbital period.
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departure opportunity would first be able to rettoriEarth in the next Earth return opportunity. Egample, a crew
transiting from Earth to Mars in the 2024 Earth alégre opportunity would be able to return in tfg2@ Earth

return opportunity (or any subsequent one, in teeof longer duration stays). In analyzing thedagain a trade
is found to exist in any given opportunity betwekita-v and transit duration, with the minimum deltcoming

about through increased trip times in some butatlobpportunities. If any transit duration betweE80 and 270
days is allowed, an Earth return delta-v of 2.6 kim/required, which is driven by the 2037 oppdtiuand enables
a 260 day transit in that case. Increasing thadeftlightly to 2.7 km/s reduces the maximum tratigie across all
opportunities to 200 days, a significant reductiangd would enable faster transfers in a numberppbdunities.

Further increasing the delta-v to 3 km/s allowstfansit times of 180 days or less in all oppottigsi

3.5
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Earth Return Opportunity [Year]

B Fast Conjunction (180 day inbound)
@ Fast Conjunction (190 day inbound)
0O Fast Conjunction (200 day inbound)
@ Fast Conjunction (210 day inbound)
0O Fast Conjunction (220 day inbound)
0O Fast Conjunction (230 day inbound)
@ Fast Conjunction (240 day inbound)
0O Fast Conjunction (250 day inbound)
m Fast Conjunction (260 day inbound)

@ Fast Conjunction (270 day inbound)

2020 2022 2024 2026 2028 2030 2033 2035 2037

Figure5. Low Mars orbit departure Delta-V for Mars-Earth fast-conjunction trajectories with transit times
from 180 to 270 days, over Earth return (M arsdeparture) opportunities from 2020 to 2037.

Earth Entry Velocity [km/s]
(o]

1
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Earth Return Opportunity [Year]

B Fast Conjunction (180 day inbound)
@ Fast Conjunction (190 day inbound)
O Fast Conjunction (200 day inbound)
@ Fast Conjunction (210 day inbound)
O Fast Conjunction (220 day inbound)
O Fast Conjunction (230 day inbound)
@ Fast Conjunction (240 day inbound)
O Fast Conjunction (250 day inbound)
B Fast Conjunction (260 day inbound)
@ Fast Conjunction (270 day inbound)

Figure6. Earth arrival entry velocities for Mars-Earth fast-conjunction trajectories with transit times from
180 to 270 days, over Earth return (Marsdeparture) opportunities from 2020 to 2037.

The Earth entry velocities for the same set of Mzagth transfers are shown in Figure 6. Here agatronger
correlation is found between decreased transit giraed increased Earth entry velocities, particylanl the
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opportunities featuring higher entry velocities. Barth entry velocity capability of 12.4 km/s idfgient to enable
Earth return in any opportunity if transit duratisnnot a constraint. As the Mars-Earth transtiéing used by the
crew, decreasing transit time is highly desirableorder to return in 180 days, an Earth entry e#jocapability of
14.7 km/s would be required (driven by the 2028ahmity). If an Earth entry limit of 14 km/s wemaposed, the
2028 opportunity would be constrained to a 200 idyrn transfer and 2026 would be constrained 1®@ day
return, with the remainder of opportunities ablst@port 180 days or less. Further reducing théhEantry velocity
capability to 13 km/s would require a 230 day netiur 2028, a 220 day return in 2026, a 210 dayneitu 2030, a
190 day return in 2024, and enable returns of 186 ar less in the remaining opportunities. Clearlyade thus
exists between the entry velocity capability of tEarth entry vehicle (along with the technology elepment
associated to achieve this) and the requirementemded with supporting the crew for somewhat &rdyrations.

C. Mars Stay Time Associated with Conjunction Transfers

In addition to impacting the in-space duration,puigive, and entry velocity requirements, the chaf Mars
mission trajectories will also determine the stayetavailable at Mars. The stay time available wilpact both the
guantity of exploration that can be performed aml gystems required to support the crew while atsM@igure 7
provides information on the Mars stay time resgltinom the choice of outbound Earth-Mars trajee®sriThe
values are provided relative to an Earth returndier of 270 days in the immediately following metwpportunity
(i.e., the earliest return opportunity availableljgure 8 shows the change in stay time of vari@isrn transfers
relative to the 270 day transfer presented in Egur It is interesting to note that there canigaificant variation
in stay time from opportunity to opportunity andthin an opportunity based upon outbound transietimith stay
times of just over 400 days on the low end and gustr 600 days on the high end. It tends to be ftvathe most
part faster Earth-Mars transit times result in lend/ars stay times, although this trend is stronigesome
opportunities than in others. In the case of retaecreasing the Mars-Earth transit time can eitherease or
decrease Mars stay time, although the sensitiVigtay time to Mars-Earth transit time appearsaddwer than to
Earth-Mars transit time. While we believe it isilegly that surface duration considerations willdbenajor driver in
trajectory option selection (within the family obmjunction-class trajectories), including considierss of the
increased benefit of longer surface durations ajettory trades could be worthwhile, in particulaterms of the
change in stay time with varying Earth-Mars tratisies.

. % 700
8z
o %‘ 600 + M B Fast Conjunction (180 day outbound)
Rl = - [T _ B\ Fast Conjunction (190 day outbound)
o & 500 M T I
- 8_ - O Fast Conjunction (200 day outbound)
L o M
=0 @ Fast Conjunction (210 day outbound)
< < 400 - R
° 5 O Fast Conjunction (220 day outbound)
% Z 300 O Fast Conjunction (230 day outbound)
p i
&z @ Fast Conjunction (240 day outbound)
(7]
'; b 200 1 O Fast Conjunction (250 day outbound)
g g B Fast Conjunction (260 day outbound)
% '; 100 A | Fast Conjunction (270 day outbound)
= 3
7]
x o M = = = = = =

2020 2022 2024 2026 2028 2030 2033 2035
Earth Departure Opportunity [Year]

Figure7. Mars stay times for Earth-Mars fast-conjunction trajectories with transit times from 180 to 270
days, over Earth departure opportunities from 2020 to 2035. The stay times are computed assuming a Mars-
Earth return transfer of 270 daysin the immediately following Earth return opportunity (e.g., the 2022 Earth
return opportunity in the case of a 2020 Earth departure).
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Figure8. Changein Mars stay time for Mars-Earth fast-conjunction trajectories with transit times from 180
to 260 days relative to a 270 day Mars-Earth transfer, over Earth return (Mars departure) opportunities
from 2022 to 2037. Negative number srepresent a decrease in Mars stay time, positive number s an increase.

[11. Earth-MarsTransfer Trajectory Abort Options

The trajectories options discussed in the prevemagtion could be used for either cargo or crewsfieas to and
from Mars. In the specific case of transfer to Matrsnay be desirable to provide an option to alliwe crew to
abort the mission without requiring capture intorMarbit. Whether and how the need would ariseottdact such
an abort would depend greatly upon the design@htiman Mars exploration architecture, including degree to
which other contingency options exist. Exampleg twald potentially lead to such an abort include failure of
prepositioned systems required to either supperttew at Mars or return them to Earth, or systemboard their
outbound craft that are required in order to sugfedly capture into Mars orbit and/or possibly desd to the
surface. It should be noted that the abort trajgctptions presented here by no means provide id rapurn to
Earth option — the total time spent in the abortipgcecraft can approach or even exceed the totatiah of a
nominal mission. As such, and again depending uperMars architecture employed, including the apfiar one
of these aborts may have a significant impact uppendesign of the outbound spacecraft. In additiba, abort
option does not provide a mitigation for failureaéw support systems onboard the outbound spdtdorauch a
case it may be most advantageous to arrive at Baganned such that the crew can make use of asisets and
resources present there!*?

The abort trajectory options investigated in thégo@r include free return trajectories with orbjeriods of 2
years and 1.5 years, and propulsive abort trajestaovering a range of impulsive abort delta-wisinly a swing-
by at Mars. Other abort options, including freeurettrajectories with other periods (such as 1 oyedrs) or
combined swing-bys of Mars and Venus have beengsexmh however these are not included as they tehdwe
some combination of higher propulsive and entrpeiy requirements, longer in-space transit tinaes] infrequent
mission opportunities (in the case of abort trajees involving Venus swing-bysj.

The free-return trajectories employ the periodidgitigerent in the Earth’s orbit around the Sun tounreto the
point in space where they departed from Earth etsime time that the Earth returns to that poirspece. In the
case of the 2 year free return investigated ingihjser, the outbound spacecraft is on a 2 yeaogherbit, such that
the spacecraft completes one orbit about the Suarrival at Mars is aborted), while the Earth cdetes two
revolutions about the Sun (see Figure 9). This fegarn represents the shortest Earth return timeng of the
practical Earth-spacecraft resonant period freermetrajectory options. Although a one year perimtbit is
theoretically possible, this requires the perihelid the transfer orbit to be significantly insithe orbit of the Earth,
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resulting in a large angle between the Earth depart DEP: 17-Oct-2024, ARR1: 23-Mar-2025, ARR2: 17-0ct-2026
heliocentric velocity of spacecraft and the helitce 2 - - - - - -

velocity of the Earth, meaning a very large Eartl
departure delta-v is required. For the three yeee f
return option presented, the spacecraft is placeé o 1t
1.5 year period heliocentric orbit for transferMars,
and in the case of the abort makes two completiésorb
about the Sun while the Earth makes three revalstio
with the trajectory thus being called a 3 year free
return. The lower energy of the transfer orbit nzake

DV1: 4.3 [kmis]

vy [AU]

this the lowest Earth departure delta-v option in ¢ Al i
number of opportunities, although at the expense ¢ A TOPA: 167 [days]
increasing the transfer time to Mars and the tim¢ 5| TOF2: 573 [days] 1

required to be spent in space in the case of ant.abc | *YRRT s e

While free return trajectory options with longetbibr R O L

periods exist (3 year period, 4 year period, ethdy , .

exhibit high Earth departure delta-v’'s due to theirFlgureg' Example 2 year free return trajectory. The
: . . , outbound spacecraft starts on an Earth-Marstransfer

higher energy transfer orbits without offering any

L R ; with a total orbital period of 2 years (magenta), and
benefits in terms of time in-space during an abort. : . .
continues along that same trajectory after by-passing

Marsin the case of an abort (green).

In investigating the free return options outlined
above, we discovered that although the 2 year fre~

return trajectories were quite attractive in terafisin , DEP:12-Oct-2024, ARRA: 04-May-2025, ARR2: 30-Oct-2026
space duration, they suffered from high Mars entn DV1: 4.0 [km/s]

velocities in a number of opportunities. As suclg w 15} e, DV2pr 27 [kmis]
decided to investigate the potential to reduce ehes
Mars entry velocities through decreasing the ihitia
transfer orbit energy somewhat and then employing
propulsive maneuver at Mars (in case of an abort) t
transition to a trajectory that will return the wardo
Earth, with a total in-space time similar to th&tao2 . ] A
year free return trajectory (see Figure 10). Initmid asp ""-.‘. _,:" i/ 1
to decreasing the Mars entry velocity, such prdpels N
abort maneuvers were found to offer the additions | T2 ToFt: 208 tdaye) |
benefit of decreasing the Earth departure deltizv. sk v 2D TOF2: 544 [days] |
order to decrease the impact upon the outbour ' Propulsive Rbort, TTOF: 748 [days]
spacecraft of including this option, we suggestt tha 2 : . : : . . . ) .
propulsion systems already onboard the spaceaaft f 262 A8 s 0 0s T s 2 28
maneuvers within the nominal mission (such as Mar. _ ) _
landing or Earth return propulsion), be employed td 19ure 10. Example propulsive abort trgjectory (with
perform the abort. As such, we investigated a rasfge 2/ Km/s abort delta-v). The outbound spacecraft
abort delta-v’s from 600 m/s, representative ofithe ~ Starts on an Earth-Mars transfer (magenta), which if
end of delta-v required of Mars landing syst&nup to O action were taken would not return to Earth
2,700 m/s which appears to be towards the uppeognd (dashed green). In the case of an abort a propulsive
anticipated trans-Earth injection delta-v's assigmi Ma's swing-by maneuver shifts the trajectory to one
circular departure orbit as discussed in the previo that doesarriveat Earth (solid green).

section.

.::? ."-.\
"i& ARR:,

&

y[AU]

Figure 11 presents the delta-v required for deparfrom Earth for the free return and propulsiveorab
trajectory options investigated. The 2 year fraarretrajectory very consistently has an Earth depe delta-v of
approximately 4.3 km/s across all opportunitiesigiag from 4.27 to 4.35 km/s). While there is gegatariability
from opportunity to opportunity, the propulsive aboptions consistently provide a monotonic decgeiasEarth
departure delta-v with increasing abort delta-\prapching the 2 year free return trajectory inltirét as the abort
delta-v approaches zero. The 3 year free retu \&ar period heliocentric orbit) trajectory exkébthe unique
pattern of featuring a relatively low delta-v in myaopportunities, and then a significantly higheita-v in some
opportunities (most notably 2022 and 2037, and tkesser extent 2035). This behavior is becauseomes
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opportunities a 1.5 year period orbit must havepisihelion inside the orbit of the Earth in ordertravel far
enough out to reach Mars, resulting in increasegiearbetween the desired heliocentric velocityhef arbit and the
Earth’s heliocentric velocity, and consequentlyr@ased Earth departure delta-v. In short, the &a5 period orbit
is far away from the minimum energy Mars transfeittiose opportunities. It is interesting to notatttwith the
exception of the 3 year free return at its peak®fahese delta-v's are quite similar to the fashjunction transfer
trajectory options presented previously (less tha0% increase in the case of 2 year free retuassjuch Earth
departure propulsive considerations are unlikelgrexiude the use of these abort trajectories.

L H L . I 5 I B Free Return (2 year return)
1 1 1 | Propulsive Abort (0.6 ks abort delta-v)
O Propulsive Abort (0.9 ks abort delta-v)
@ Propulsive Abort (1.2 ks abort delta-v)
O Propulsive Abort (1.5 ks abort delta-v)
O Propulsive Abort (1.8 ks abort delta-v)
| Propulsive Abort (2.1 km/s abort delta-v)
O Propulsive Abort (2.4 knvs abort delta-v)
B Propulsive Abort (2.7 knvs abort delta-v)

@ Free Return (3 year return)

0 111 111 L1111 L1111 11 L1111 L1111 11 1]

2020 2022 2024 2026 2028 2030 2033 2035 2037
Earth Departure Opportunity [Year]

5

Earth Departure Delta-V [km/s]

Figurell. Low Earth orbit departure Delta-V for Earth-Mars free return and propulsive abort
trajectoriesover Earth departure opportunities from 2020 to 2037.

14
13 A

12 ] B Free Return (2 year return)

114 b I H B Propulsive Abort (0.6 km/s abort delta-v)

10 1 h I O Propulsive Abort (0.9 kms abort delta-v)
9 i L @ Propulsive Abort (1.2 km/s abort delta-v)
81 i | I L O Propulsive Abort (1.5 ks abort delta-v)
g : 1 1 O Propulsive Abort (1.8 kn/s abort delta-v)
5 | @ Propulsive Abort (2.1 km/s abort delta-v)
4 O Propulsive Abort (2.4 ks abort delta-v)
34 B Propulsive Abort (2.7 kr/s abort delta-v)
2 @ Free Return (3 year return)
1 i
0 i 111 | | 11 111 111 Ll Ll

2020 2022 2024 2026 2028 2030 2033 2035 2037
Earth Departure Opportunity [Year]

Mars Entry Velocity [km/s]

Figure 12. Mars arrival entry velocities for Earth-Mars free return and propulsive abort trajectories over
Earth departure opportunities from 2020 to 2037.

The Mars entry velocities of these trajectoriesmesented in Figure 12. Here there is a pronouwagdtion in
entry velocity from opportunity to opportunity, atice entry velocities themselves can become quib. The 2
year free return has the highest entry velocitpkpeg over 12 km/s in 2030 and 2033, and stayirgyal® km/s for
all of the opportunities from 2024 to 2033, inclesi As will be discussed in the following secti@uch entry
velocities present a difficult challenge for Maer@capture systems, and may thus preclude thefube @ year
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free return in a number of mission opportunitiexluding a propulsive abort capability can lowee tars entry
velocities significantly. By including an abort teev of 2.7 km/s (consistent with the nominally nseEarth
injection delta-v capability of a vehicle designtxdbring the crew back from low Mars orbit at thedeof a
mission), the delta-v can be kept below 10 km/allimission opportunities. Utilizing instead an abaelta-v of 1.8
km/s (consistent with an Earth return vehicle dépgra highly elliptic Mars orbit), the entry velbe will peak at
10.7 km/s in 2033, and be below 9 km/s other thmathe 2028, 2030, and 2033 opportunities. From ranye
velocity perspective the 3 year free return oppioovides a distinct advantage in that it can renbailow 9 km/s in
all opportunities.

Unlike the fixed transfer durations of the traje@s in the previous section, the Earth-Mars tiatirsies for the
abort trajectories vary based upon the opportumétypresented in Figure 13. For the most part, thagectories
offer comparable or faster transit times to thgettories analyzed in the previous sections, withd@xception of the
3 year free return. The 3 year free return exhitlitse to a factor of two variation in transit tinfilom a minimum
of 137 days in 2033 to a maximum of 262 days in2@Bhile such transfer durations are not infeasikéeping the
outbound transfer durations below those exhibitgthk 3 year free return in its longer transfersilddoe desirable.

300

B Free Return (2 year return)

@ Propulsive Abort (0.6 ks abort delta-v)
0O Propulsive Abort (0.9 knv's abort delta-v)
@ Propulsive Abort (1.2 ks abort delta-v)
0 Propulsive Abort (1.5 ks abort delta-v)
0O Propulsive Abort (1.8 ks abort delta-v)

Earth-Mars Trip Times [days]
[
a
o

120 1 @ Propulsive Abort (2.1 ks abort delta-v)
90 O Propulsive Abort (2.4 ks abort delta-v)
60 | B Propulsive Abort (2.7 ks abort delta-v)

W@ Free Return (3 year return)
30 +
0 - L |

2020 2022 2024 2026 2028 2030 2033 2035 2037
Earth Departure Opportunity [Year]

Figure13. Earth-Mars transit times for Earth-Mars free return and propulsive abort trajectories over
Earth departure opportunities from 2020 to 2037.

Beyond the considerations of transit to Mars, atrajectories by their very nature must also casisttleir Earth
return leg in case an abort is opted for. The Earttny velocities, presented in Figure 14, aretinadly benign,
when considering that the peak entry velocitieagbroximately 12.5 km/s are in line with the minnmentry
velocity capability required for ensuring Mars metun all opportunities (without constraints on Mdtarth transit
time). As such, the next item to consider is trgune@ment to support the crew during the duratibtheir transit to
Earth. Figure 15 presents the total in-space tmtbe case of an abort (this is the total time figanth departure to
Earth return, as this value will size the crew sappequirements of the outbound spacecraft in rotdesupport
aborts). What can be seen is that the propulsieetalall have very similar in-space durations tat thf the 2 year
free return, increasing marginally with increasaduprt delta-v. The 3 year free return of courseasgnts a 50%
increase in abort time over the 2 year free returterms of these durations, two years is of apipnately the same
duration as a complete round-trip Mars missionhwliree years being somewhat higher. In the two gase then,
it may be possible to make use of consumables éguipment) that was intended for the nominal missiothe
case of the abort, although this would tend to Ipdeethe use of prepositioned or in-situ consunsabligring the
nominal mission. Additionally, options to includenergency rations (which can significantly reduce thass of
food), reduce consumption of water (such as throdgbreased washing allocations), and the convergfon
propellants to consumables (oxygen and water, bbtvhich benefit from propellants including hydregand
oxygen in their composition), should be investidaite considering how an architecture could enabthsan abort
mode. Supporting the crew on this abort return ingged be one of the most challenging aspects @iaimg
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these abort trajectories, particular if the 3 y&ae return is selected (perhaps based upon iterldwars entry

velocity.)

Abort Earth Entry Velocity [km/s]

15
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2020 2022 2024 2026 2028 2030 2033 2035 2037

Earth Departure Opportunity [Year]

B Free Return (2 year return)

@ Propulsive Abort (0.6 knvs abort delta-v)
O Propulsive Abort (0.9 knvs abort delta-v)
@ Propulsive Abort (1.2 knvs abort delta-v)
O Propulsive Abort (1.5 knvs abort delta-v)
O Propulsive Abort (1.8 knvs abort delta-v)
@ Propulsive Abort (2.1 knvs abort delta-v)
O Propulsive Abort (2.4 knvs abort delta-v)
B Propulsive Abort (2.7 knvs abort delta-v)

@ Free Return (3 year return)

Figure 14. Earth arrival entry velocities for Earth-Mars free return and propulsive abort trajectories over
Earth departure opportunities from 2020 to 2037.
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Figure 15.
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trajectoriesover Earth departure opportunities from 2020 to 2037.

B Free Return (2 year return)

@ Propulsive Abort (0.6 ks abort delta-v)
O Propulsive Abort (0.9 knv/s abort delta-v)
@ Propulsive Abort (1.2 kn/s abort delta-v)
O Propulsive Abort (1.5 knv/s abort delta-v)
O Propulsive Abort (1.8 ks abort delta-v)
@ Propulsive Abort (2.1 knv/s abort delta-v)
O Propulsive Abort (2.4 kn/s abort delta-v)
m Propulsive Abort (2.7 kn/s abort delta-v)

@ Free Return (3 year return)

Total in-space times in case of an abort for Earth-Mars free return and propulsive abort

As in the case of the fast conjunction trajectodissussed earlier, the choice of outbound EarthsMtajectory
will impact the stay time available at Mars. Figd@ presents the stay times for the abort trajextdnvestigated
(in the case where the abort is not performed bad:tew stays at Mars), relative to the subsegriédtday return
transfer as in the previous section (see Figurer&lianges resulting from other return duratioAgjain, this is
likely not to be a major driver in trajectory sdiea, but can provide insight into changing exptama capability
resulting from various trajectory selections. Tler trajectories for the most part have highefemg stays than
the standard fast conjunction transfers, due to theen faster outbound transit times, with theegtion of the 3
year free return, which in some opportunities camehsignificantly shorter mission durations. In ttese of the
propulsive abort trajectories, as the abort deltieareases (with the 2 year free return in thet)ithie Mars stay
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time consistently increases, although the sentsitixaries with opportunity. These increases in sitag correspond
with decreases in outbound transit duration.

700

600 - — n B Free Return (2 year return)

In M | | Propulsive Abort (0.6 knvs abort delta-v)
0O Propulsive Abort (0.9 knvs abort delta-v)
@ Propulsive Abort (1.2 knvs abort delta-v)
O Propulsive Abort (1.5 knvs abort delta-v)
O Propulsive Abort (1.8 knvs abort delta-v)
[ Propulsive Abort (2.1 knVs abort delta-v)
O Propulsive Abort (2.4 knmvs abort delta-v)
B Propulsive Abort (2.7 knV/s abort delta-v)
100 - @ Free Return (3 year return)

500 A

400 -

300 ~

200 A

Mars Stay Time Relative to 270 Day
Return Transfer in Next Opportunity[days]

O, 111 111 111 111 111 111 111 111
2020 2022 2024 2026 2028 2030 2033 2035

Earth Departure Opportunity [Year]

Figure16. Mars stay times for Earth-Mars free return and propulsive abort trajectories over Earth
departure opportunities from 2020 to 2035. The stay times are computed assuming a Mars-Earth return
transfer of 270 days in the immediately following Earth return opportunity (e.g., the 2022 Earth return
opportunity in the case of a 2020 Earth departure).

IV. Aeroassist Maneuver Considerationsfor Human Mars Mission Trajectories

Human Mars Missions utilizing aeroassist maneukagettories require a vehicle able to withstandithense
deceleration and aerothermal environment encouhigueing atmospheric entry. Uncrewed mission eldémeray
perform aerocapture or direct entry at Mars arri@iewed mission elements will likely perform aapture at
Mars arrival. An aerocapture maneuver will helpwed mission elements mitigate the large unceresntiherent
in the Mars atmosphere. In addition, aerocaptutkallow time for final system check-out in orbiefore descent
to the surface as well as changes to landing fsiggjuired. At the end of the crew’s Mars stay ythll depart for
Earth. As the return vehicle nears Earth, the onélvlikely transfer to a dedicated entry vehicldiah will then
perform direct entry at Earth. The development m@icpical, reliable, high performance aeroassissgstems will
demand significant technology investment. The miagei of the required technology investment is eglab the
severity of the aerothermal and deceleration enwient the aeroassist vehicle must pass througlthvisidirectly
related to the velocity of the vehicle at Mars arth arrival.

A. Aeroassist at MarsArrival

Human Mars missions require delivery of large maegoads to orbit or the Mars surface, with coroesing
entry masses ranging from several tens of metriogs to perhaps over 100 metric tonnes. Large heshigill be
required to transport the large volume, large maemgoads to parking orbits and the surface, suclmuasan
habitats, ascent vehicles and return vehicles. pdydoad mass will drive the size of aeroshellshwlio0 metric
tonne entry masses perhaps requiring heatshielts fariebody diameters of 15 m or great&t’>* Significant
technology investment in several areas is requfoedhuman exploration aeroassist maneuvers at MEns.
manufacture and qualification of large diameterts$i@alds presents a major engineering challenge. lalge
heatshields required for aeroassist maneuvers as Mdl impact the heavy life launch vehicle reauments,
assuming they are launched fully assembled. Haatdshssembly in orbit also introduces a numbeprablems,
such as qualification of a sectional heat shietasbled in low Earth orbit. In addition, vehiclesferming entry at
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Mars directly from an interplanetary trajectory lvekperience a severe heating environment, whicloines more
severe with increasing entry velocity.

An L/D of 0.3 represents an achievable value
for a blunt body entry vehicle flying at a realisti Op----------"--"-"--—------~ -~~~ - -

vehicles, they often achieve a higher L/D by%
decreasing drag rather than by increasing liftsThi &
can pose a severe problem at Mars, wheres -10
atmospheric density is low and it is difficult to g
decelerate the vehicle to the proper velocity kefor £

angle of attack. Several blunt body shapes exat th i | Lift Down i
can achieve this performance. While entry vehicles__ ! | == Lift Up !
with L/Ds greater than 0.3 are conceivable fordarg = -5F---+---~+-------- =—=5g (liftup) !

it impacts the surface or exits the atmosphere. 2 -15 | ‘

Figure 17 shows the range of entry flight-path 20 i i

angles and velocities that provide acceptable “g 6 7 8 9 10 11 12
aerocapture trajectories for a 100 mt vehicle waith Entry Velocity (km / s)

15 m aeroshell generating an L/D of 0.3, includingrigure 17. Aerocapture corridor width as a function

a 5 g acceleration limit for crew factors reasdns. of Marsentry velocity for a 100 mt vehicle with a 15
order to insure successful aerocapture, some margif aer oshell generating an L/D of 0.316

must be left in entry flight-path angle to accofort

navigation uncertainty at Mars arrival. Currentatib Mars missions have demonstrated navigatiomractes of
approximately +/- 0.5 degrees, resulting in a reslientry corridor width of 1 degré&!’ Based on this limit, to
maintain adequate corridor margin for aerocaptuthimvthe 5 g constraint, it is recommended thatyewelocities
be limited to approximately 9 km/s and less. Directry at Mars is subject to the same navigatiocertainty as
aerocapture. To maintain a corridor of 1 deg, thteyevehicle previously described must have anyevetocity of 9
km/s or less. Direct entry at high velocity alsoguces an extreme heating environment with heas i@bproaching
500 W/cni. In comparison, current Mars entry experiencdnistéd to heat rates of approximately 120 Wicth
The required heating magnitude coupled with the sizthe heat shield will present a significantthal protection
system (TPS) development challenge. To minimizeTtRS technology investment required for direct ywntine
lowest possible entry velocity and environments thaintain a low radiative heating contribution preferred. For
the purposes of conceptual-level Mars mission aesig suggest a Mars entry velocity limit of 9 knd#though
more detailed analysis is required for the speaifission under development.

B. Aeroassist at Earth Return

Returning a human crew to Earth from Mars requimgestment in a different set of aeroassist teabgiek than
those required for Mars arrival. Earth entry witicar at much higher velocities (12+ km/s) in a @easnosphere.
While the dense atmosphere eases L/D requirentietsleceleration environment requires a greater afiol the
higher entry velocity and density increase bothpbak heat rate and integrated heat load signtficamhich places
additional stress on the TPS. The crewed eartty amhicle function will likely be performed by arpgraded
version of the Crew Exploration Vehicle (CEV) curilg under development by NASA, which has a 5 mditer.

Currently only two human-rated forebody TPS optians in active use: the reusable tiles used byStrece
Transportation System (STS) and the Russian Soyggesuse heatshield. Today, only STS tiles aralabie to
NASA. The tiles were designed specifically for wgg¢h STS, a vehicle that uses a high L/D to redpeek heat
rate. Thus, STS tiles are only effective for peakthrates below approximately 35 Wfcrm contrast, a blunt body
entry vehicle returning from Mars at 12.5 km/s neaperience heat rates in excess of 400 \/@irect entry at
Earth at 14 km/s produces heat rates well abové® Mnt.'® There are currently no human-rated heatshield
materials available that can withstand the extrdmating environment encountered when returning fidars.
However, several promising new forebody TPS mdtetieve recently been successfully demonstratethéy
robotic exploration program and several other nterare being considered for the CEV and othengilary
exploration program®
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The development of the CEV for both LEO 16+ ---
missions and lunar return missions implies the
development and qualification of at least one new 14+ ---
heatshield material. This material will be able to
withstand direct entry for human lunar return,
implying tolerance of entry velocities up to 11 km/
Any forebody TPS material developed for human
lunar return will likely be applicable for entry
velocities up to 12.5 km/s, and should be developed 2 ¢ -
with this requirement in mind. This velocity range T
includes the lowest Mars return velocities, and is 041
therefore the minimum technology investment 02
required for human return from Mars. '

\ | —e—7.7km/s (LEO)
|\ _____._]—e—11knvs (Lunar)
| | | 12.5 km/s (Mars
! ! 4| —— 14 km/s (Mars)

e

o =
o = N
| |

ypersonic L/D

o R

To facilitate fast transfer return trajectoriesnfro 0 2 4 6 8 10 12 14 16
Mars (180 days) in all opportunities, the Eartturet g-Limit, Earth g's
vehicle must be able to withstand entry at velesitip
to 14.7 km/s. Entry at this velocity may producathe Figure 18. Required lift-to-drag ratio for direct
rates in excess of 2000 W/érand integrated heat entry with agiven g-limit.*
loads in excess of 100 kJ/&M At these velocities,
radiative heating accounts for 50% or more of titaltheat pulse, creating a heating environmerttithaot well
understood. Developing and qualifying a heatshtblt can withstand entry at 14 km/s representgaifsiant
engineering challenge. At velocities higher thankid/s, the heating environment becomes extremedistive
heating becomes the dominant mechanism of heatftnar\t Earth entry velocities greater than 14 «km/PS mass
fraction begins to dominate entry vehicle massrdased entry vehicle mass is a significant pertaltincur for
additional interplanetary trajectory flexibility dee entry vehicle must be transported to Mars laack. Lastly,
qualifying new TPS materials becomes more diffiaglthe heating environment becomes more extreme.

While TPS development and qualification for Martura will require significant investment, NASA'’s ant
CEV moldline provides adequate aerodynamic dediergerformance. Figure 18 shows the hypersonia L/
required for a given peak deceleration at Eartte dirrent CEV design calls for an Apollo-style llbondy with an
L/D of approximately 0.3. Figure 18 shows that tisisadequate to limit peak deceleration to 5 g'sreat entry
velocities of 14 km/s.

The minimum technology required for human Mars netat Earth will be an extension of the systemseund
development for the lunar exploration program. &yst currently under development can likely accomated
Earth return speeds as high as 12.5 km/s, providingn trajectories in most opportunities for sfems of less than
210 days. To increase mission flexibility and allfast returns for human Mars missions at all opputies, it may
be necessary to invest significant resources teldpvand qualify a TPS that can withstand Eartinyesit 14 km/s.
This development and qualification represents aifognt scientific and engineering challenge thal have
significant cost and schedule requirements. Toreatevelocities higher than 14 km/s, TPS developmeif
become more difficult and a new vehicle moldlineyrba required to maintain a 5 g acceleration limit.

V. Conclusions

We have presented a variety of trajectory optimrshiman Mars missions. From a propulsive perspecin
addition to standard conjunction class trajectorizsyear free return, 3 year free return, and plsipe abort
trajectory options appear feasible. In many calsesiever, a trade will exist between the interplanetrajectory
chosen and its Earth or Mars entry system requingsne

Based upon the corridor width lower limit of 1 degrsuggested in the analysis, and its resulting/ kipper
limit on Mars entry velocity, Earth-Mars trajectesi presented in Table 1 and Table 2 are feasibtheirgiven
opportunities. Using a standard conjunction trajggtEarth-Mars transit times of 180 days or lessfaasible in all
opportunities other than 2030, which allows fortBavlars transit times of 190 days or less. The & yeee return
is only feasible within a subset of the opport@sitbased upon the entry corridor limit, while theeé year free
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return is feasible in all opportunities. The prgivg abort can be achieved for relatively low deltan
approximately half of the opportunities, with swgtally higher abort delta-v's required in somgogunities.

Table 1. Standard Conjunction Trajectory Minimum Earth-Mars Transit Time by
Opportunity for 9 km/sMars Entry Velocity Limit
Opportunity 2020 | 2022 | 2024 | 2026 | 2028 | 2030 | 2033 | 2035 | 2037
Minimum Transfer Time [days] <= 180 [<=180 |<= 180 |<= 180 |<= 180 |<= 190 |<= 180 |<= 180 |<= 180

Table 2. Free Return Trajectory Feasibility and Minimum Abort Delta-V for Propulsive Aborts by
Opportunity for 9 km/sMars Entry Velocity Limit

Opportunity 2020 | 2022 | 2024 | 2026 | 2028 | 2030 | 2033 | 2035 | 2037
2 Year Free Return Yes Yes No No No No No No Yes
3 Year Free Return Yes Yes Yes Yes Yes Yes Yes Yes Yes
Propulsive Abort Delta-V [km/s] <=0.6[<=06]|<=06]|<=18]| >2.7 | >2.7 |<=27]|<=0.6|<=0.6

For Earth entry, a 12.5 km/s capability appeardlilgaachievable, while up to 14 km/s of entry vetgc
capability may be possible given additional investim Table 3 and Table 4 show the change in MartiE@nsfer
time that can be achieved through increasing thhEsntry velocity limit. Increasing the limit to4lkm/s can
decrease transit times to under 200 days in albdppities, as opposed to only being able to aehteansfers under
250 days in some opportunities with a 12.5 km/syerglocity limit.

Table 3. Standard Conjunction Trajectory Minimum Mars-Earth Transit Time by
Opportunity for 12.5 km/s Earth Entry Velocity Limit

Opportunity (12.5 km/s Entry Limit) 2020 2022 2024 2026 2028 2030 2033 2035 2037

Minimum Transfer Time [days] <=180 [<=180 [<=210 [<=230 [<=250 [<=230 [<=180 [<=180 |[<=180

Table 4. Standard Conjunction Trajectory Minimum Earth-Mars Transit Time by
Opportunity for 14 km/s Earth Entry Veocity Limit

Opportunity (14 km/s Entry Limit) 2020 2022 2024 2026 2028 2030 2033 2035 2037

Minimum Transfer Time [days] <=180 [<=180 [<=180 [<=190 [<=200 [<=180 [<=180 [<=180 |[<=180

Overall it appears that conjunction-class trajéetare quite feasible, and include options fortihg paths for
the crew in some if not all opportunities (depegdim the abort duration feasible.) Attention shcagdpaid to entry
velocity constraints driven by aeroassist systamthé selection and detailed design of trajectdoesiuman Mars
missions.
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