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The human Mars Mission architectures recently under study are compared. The evolution of mission modes
utilizing indigenous resources for propellant production is described. A historical summary of human Mars ar-
chitecture design is given as a way of introducing some of the challenges inherent to mission planning. A Mars
architecture option based on minimum development costs and risks, rather than minimized mass in low Earth
orbit, is presented. A multiyear Mars vehicle set, characterized by chemical propulsion transfer stages (with aero-
capture for Mars orbit capture) is described. It is maintained that, for the current Mars Design Reference Mission,
the development of more costly advanced propulsion technologies (such as nuclear thermal propulsion, nuclear
electric propulsion, or solar electric propulsion) can be considered as later, evolutionary steps from this initial, less
costly, all-chemical approach. Emphasis is given to the minimization of new technology development programs
and the associated impacts on total Mars mission costs. Analysis is based on the availability of an 80-metric-ton-
payload-class launch vehicle. An important ground rule is the preclusion of on-orbit assembly, allowing only for
the joining of complete and fully fueled transfer stages in orbit.

Introduction

VER the past three decades, a range of space transportation
architectureshas been proposed as the means to realize human
explorationof Mars. The choice of trajectory type, mission duration,
mission frequency, fleet size, payload requirements, abort modes,
required precursors, vehicle reuse options, and other concerns to-
gether constitute the architecture. The selection of the propulsion
system type for the Mars transfer vehicle is one of the key decisions
that must be made in such analyses. The propulsionsystem’s perfor-
mance, reliability, reusability, and cost all enter into that decision.
In the Mars mission design studies'? of the 1960s, nuclear thermal
propulsion (NTP) was almost uniformly selected as the propulsion
system of choice for the Mars transfer vehicle. Typically, the large
majority of a Mars vehicle’s mass is propellant, which for NTP
systems would be cryogenic hydrogen, the least dense of liquids.
Consequently, NTP Mars vehicles are dominated by large tankage
systems. In these early designs, usually the large hydrogen tanks
were to be delivered to orbit separately and attached together end-
to-end, with the pressurized tanks themselves serving as support
structure, carrying the engine thrustloads during the relatively short
thrusting periods. Many vehicle designs of this period were alike in
their multistage, multiengine approach; typically, each stage had a
nuclearengineor cluster of enginesthat was to be jettisoned with the
propellanttank set when emptied. As anindividual propulsionunit, a
modular NTP stage was envisioned to accomplish lunar transfer and
Earthorbittransfermissionsas well. Designs of thaterarepresentthe
first-generation vehicle archetype, which remained essentially un-
altered until analysts devoted attention to configurationissuesin the
late 1980s time period of renewed interestin human Mars missions.
Serious technical literature describing Mars missions begin to
surface in the late 1940s. Wernher von Braun’s Das Marsprojekt
study was publishedin 1949 and eventually gained much popularity
whenrecastin the Colliersmagazinearticlesin 1952,in partbecause
of the spectacular spacecraft and planetary scene illustrations of

Presented as Paper 2000-3215 at the AIAA Joint Propulsion Conference,
Huntsville, AL, 17-19 July 2000; received 28 August 2000; revisionreceived
23 February 2001; accepted for publication 23 February 2001. Copyright ©
2000 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved.

*Exploration Missions Analyst, Advanced Programs. Member AIAA.

TSenior Member of the Technical Staff. Member AIAA.

745

Chesley Bonestell. For this early work, von Braun chose chemical
propulsion (nitric acid and hydrazine) for the Earth-Mars transfer
vehicle.

Mars Architectures: First Wave of Development

In-depth technical conceptual development of Mars transfer ve-
hicles began in the later 1950s. Krafft Ehriche led investigationsof
Mars mission strategies, producing a variety of technical papers on
interplanetary flight, beginning in 1957.3 Ehriche published addi-
tional material in the late 1950s and early 1960s as a study contractor
in one of the earliest series of funded manned Mars mission studies,
entitled the “EMPIRE” studies*~® In 1953, Project ROVER was
begun to develop nuclear propulsion. This program reached fruition
in the mid and late 1960s when the NERVA (Nuclear Engine for
Rocket Vehicle Application) series of nuclear thermal engines were
built and tested at a Nevada test facility. ’

The early EMPIRE studies were followed in the mid and late
1960s by a variety of studies. Several aerospace companies con-
ducted comprehensive evaluations during this period 37! At this
time von Braun was an influential advocate of human Mars explo-
ration and of nuclear propulsion. In 1969 the Space Task Group'?
presented its recommendations'® to Congress for a manned Mars
mission as a subsequent focus after the Apollo program. Infor-
mation presented was based on a NTP manned Mars vehicle fly-
ing a short-stay-time opposition mission as an initial Mars mis-
sion. (Another long-range planning study of 1969 made a similar
recommendation.'*) This proposal was rejected, however, and Mars
mission planning was soon dropped, and the NERVA test program
was canceled. The last of the in-depth Mars vehicle design studies'?
concludedin 1973. It would be 15 years until further in-depth spon-
sored contractor studies would resume.

Mars Architectures: The Second Wave

In the late 1980s plans for a renewed program of human ex-
ploration were announced; subsequently, renewed evaluations of
manned Mars missions were begun. Major technical studies were
done in the 1980s and early 1990s; vehicles in this period were
typically configured to fly what is referred to as “split-sprint” mis-
sion profiles. The missions were split into two major elements, the
first being a cargo-only mission, with the payload consisting of
the crew’s surface infrastructure (surface habitat, consumables and
science equipment) launched on a low-energy, relatively long trip
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time (over 200 days) and one-way trajectory. After a successful
autonomous checkout of the landed surface systems, a second, pi-
loted mission would follow, utilizing a higher-energy,faster “sprint”
trajectory. The piloted vehicle would carry the crew’s transfer habi-
tat, Mars ascent stage, and an Earth crew return vehicle. After arrival
on Mars, the crew would land close to the habitat and transfer to
the quiescent surface habitat. Trajectories were of either opposition
or conjunction types, featuring 30- to 60-day or 500-day surface
stays, respectively. Typically, mission planners followed a strategy
that kept for the crew the option for a propulsive abort path for the
return to Earth, should the surface habitation system malfunction
during the crew’s outbound transit.

Comprehensive mission scenarios were envisioned that would
enable missions within 15 years given proper funding. Four transfer
propulsion technologies were deemed viable for the missions under
investigation: NTP, nuclear electric propulsion (NEP), solar elec-
tric propulsion (SEP), and chemical propulsion with aerocapture at
Mars. The most comprehensive of these late 1980 era studies was
Space Transfer Concepts and Analysis for Exploration Missions
Study,'® which ran from 1989 to 1994. Analysts also investigated
lunar scenarios as precursors to, and as technology and operability
demonstrations for, the follow-on Mars missions. Some studies at
this time emphasized conceptual development of NTP and NEP for
the Earth-Mars transferstages. The favored NTP systems of the past
begantoevolveinto systemsin which the reactorwould provideboth
thrust and electrical power. Termed the “bi-modal” NTP, this tech-
nology showed promise for applicabilityto all mission opportunities
throughout the Earth/Mars 15-yearcycle.

Another emphasis at this time involved understanding the de-
pendencies of the transfer stage design to packaging constraints
imposed by the Earth-to-orbit launch vehicles (LVs). During this
interval several suitable heavy-lift launch vehicle concepts would
come under study. These included the National Launch System, the
Advanced Launch System, the Shuttle-derived “Shuttle-C” concept,
and several others. Launch vehicles with payload capabilities of on
the order of 250 metric tons to low Earth orbit (LEO) were consid-
ered. Means of minimizing Mars transfer stage on-orbit assembly
were developed.!

Though the split-sprint mission architecture received much of
the emphasis during this period, other innovative architectures were
evaluated as well, including those conceived for efficient Mars
base resupply and personnel rotation missions (the “dash-flyby”
mode!”), those conceived for absolute minimum initial mass in
LEO (IMLEO), and those for far-term, human-settlement scenar-
ios in which continual human presence on Mars was the objective
and settlement self-sufficiency was the eventual goal. Some authors
would arbitrarily intimate that human settlement was the best mo-
tive for Mars exploration. Other rationales, such as for economic,
political, and educational advantage, were also discussed. Several
recent architecture evaluations have set forth rationales as preludes
to the follow-on technical analysis. In contrast, the earlier studies of
the 1960s tended to view human Mars missions as exploration for
exploration’s sake and therefore tended to place value on the scien-
tific scope and return of the missions.Regardless of whatrationaleis
championed, mission analysts typically present a sequence of mis-
sions designed to gradually build up assets on the Martian surface
so that at some point the basic infrastructure could be in place to
support a permanent presence on Mars.

Architecture Evaluation Criteria

Assessing a particulararchitectureas superior to another depends
on how the benefits and advantages of each are valued. A significant
part of the task of architecture evaluationrests on determining and
prioritizing the relevant criteria. For this study, the criteria used for
assessing human Mars missions are given in Table 1.

Current Design Reference Mission: Third Wave of
Architecture Development
The reference Mars mission architecture recently studied at
NASA is called the Mars Design Reference Mission (DRM). This ar-
chitectureis characterizedby its in situ propellantproduction (ISPP)
feature. Primary ground rules and assumptions were taken from

Table 1 Criteria for evaluation of mars architectures

No. Criterion

1 Minimum major technology development programs

2 Acceptable development and operational risk

3 Low or reasonable first mission cost

4 Commonality of overall architecture with other space activities

5 Evolution to low recurring cost missions

6 Multiple-use technology developments, benefiting society on Earth
7 Minimum mass in LEO

NASA material generated by in-house explorationteams. These ar-
chitectures (summer of 2000) are evolutions of DRM assessments
initially begun in 1992.

1990 Mars Direct Architecture

The Mars Direct architecture was introduced in 1990 (Refs. 18
and 19) by Zubrin and Baker. Mars Directemphasizedin situ propel-
lant production, and an “abort-to-Mars-surface”philosophy, which
will be discussedin more detail later. Also, eliminationof Mars orbit
rendezvous of stages was desired. [In situ propellant production for
Mars missions had been presented as early as 1978 (Ref. 20).] In
the Mars Direct plan, an unmanned, combination ascent stage/Earth
return vehicle is sent out and is prepositionedon Mars. It carries an
inbound transfer habitat for the return leg. Also sent on this mis-
sion is an ISPP plant and a nuclear power source. Using the Mars
atmosphere, the ISPP plant begins to manufacture the oxygen and
methane propellant that will be required to eventually deliver the
crew back to Earth. This production is completed within approxi-
mately one year, which is several months before the crew’s sched-
uled departure from Earth. Excess oxygen and methane can also be
used to power rovers for extensive surface exploration.

Mars atmosphere consists mainly of carbon dioxide. Several op-
tions exist for propellant production. One option is to dissociate
carbon dioxide (CO,) into carbon monoxide (CO) and oxygen (O,).
Both can be liquefied and burned in a rocket engine with an es-
timated specific impulse [, of about 250 s. The second is to use
the O, from this dissociation process with hydrogen (H,) or other
fuel brought from Earth. The third is to react liquid H, brought
from Earth with Martian CO, to produce methane (CHy). Oxygen
is a byproduct, and additional O, can be produced to obtain the
optimum mixture ratio for an O,-CH, rocket engine. These pro-
cesses have been demonstrated in the laboratory environment, and
some are industrial processes on Earth. The O,-CH,4 engine would
have a maximum /;;, of about 380 s.

The difficulty of storing liquid hydrogen on Earth arises because
liquid hydrogenis cold enough to liquefy Earth’s major atmosphere
constituents,whereas liquid oxygen and methane are not. Therefore,
insulation systems are required to keep air away from hardware in
contactwith liquidhydrogen;otherwise, heat leaks are catastrophic.
On Mars, however, any of these three cryogenic propellants (H,, O,
and CH,) are cold enough to freeze atmospheric CO, and so they
are, in one respect, qualitatively the same. Without the qualitative
difference between H, and CHy, that exists on Earth, the difficulty
of storage is probably best measured by the amount of heat input
needed to evaporate and warm a unit volume of liquid. By this mea-
sure hydrogen is more difficult than methane by a ratio of 7:5, i.e.,
not much worse. When the thermodynamic advantage of hydrogen
for supplying vapor-cooled shields as an insulator for ascent stage
tankage is considered, methane may not have significant storage
advantage. Hydrogen needs more energy to liquefy and refrigerate,
if that is required, but much less hydrogen is needed. By selecting
methane fuel, Mars Direct givesup asignificant I, advantage (about
100 s) and much O,/H, engine technology heritage.

The in situ refueling process would use automated propellantpro-
ductionand relatively simple robotics. After fuelingis completed on
the surface of Mars for the first vehicle, the second, a piloted, one-
way transfer stage, would depart Earth, travel to Mars, and use di-
rect entry aerobraking to land near the quiescent ascent stage/Earth
return vehicle. (The crew’s outbound habitat also serves as their
surface habitat.) The return vehicle must function autonomously
for 4 years, which is the period from its Earth departure to the
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crew’s Mars departure. One of those years would be dedicated to
robotic propellant production, which would depend on nuclear sur-
face power, and which would be autonomously deployed and oper-
ated. This high level of autonomy represents a challenge to imple-
menting this architecture. See Fig. 1 for an iconographicdepiction
of the mission sequence. Table 2 lists the major payload elements
transported on each vehicle. Chemical propulsion or NTP can be
used for trans-Mars injection (TMI). Chemical O,/CHj, is used for
the Earth return vehicle. No element is parked in either Mars or
Earth orbit. Because it was a goal to eliminate Earth orbit assembly
and operations, each of the two transfer stages would be launched
directly into TMI atop a large launch vehicle.

Becauseof the nature of Mars Direct, some abortoptionsare com-
promised. Should the descent stage or the surface habitat develop a
malfunction while the crew is enroute to Mars (either failure would
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Fig. 1 Architecture mission sequence diagrams.

Table 2 1990 Mars direct mission

Mission TMI/MOC
name propulsion

Major payload Launch
elements vehicle Year

Cargo1l NTP/Ab Empty ascent/TEI stage 1 @ 120 metric tons 2011
ISPP 4+ power to LEO
Liquid H, cache
Return trip habitat

Piloted NTP/Ab Transfer/surface habitat 1 @ 120 metric tons 2014

Table3 1992 Mars DRM

Mission TMI/MOC
name propulsion

Major payload Launch
elements vehicle Year

Cargo1l NTP/Ab TEI stage return 1 @ 200 metric tons 2011

trip habitat to LEO
Cargo2 NTP/Ab Empty ascent stage 1 @ 200 metric tons 2011
ISPP + power to LEO

Liquid H, cache
Piloted  NTP/Ab Transfer/surface habitat 1 @ 200 metric tons 2014

preclude a landing), the crew would be without the option of effect-
ing a propulsive burn at Mars to return to Earth. (The piloted Mars
transfer stage does not contain Earth-return propellant.) Mars Direct
requires a Mars-free return trajectory to cover such a contingency.
In such cases the vehicle, with the aid of a (nonpropulsive) Mars
swingby gravity assist, would eventually intercept the Earth, though
the return trip time can be excessive when compared to a nominal
return. Free return inbound legs of the order of 750-900 days are
typical. Also problematic are the resulting increased Earth atmo-
spheric entry velocities. By separating the crew from their ascent
stage, some additional risk is incurred. The ascent stage waits on
Mars two years before the crew arrives, and then the crew must land
near the ascent system to survive. A guidance or navigation error
on descent can be fatal, and abort from the descentis not possible.

1992 DRM: Addressing the Deficiencies of Mars Direct

In1992,NASA adopteda modified versionof Mars Directas aref-
erence mission for conducting mission planningand trade studies.2!
This reference mission contained most of the primary elements of
Mars Direct, including an ISPP ascent stage, methane fuel, abort-
to-surface, and the lack of Earth orbit operations. Launch vehicle
payload capabilities were similar to those required of Mars Direct,
on the order of 120-200 metric tons.?> Unlike Mars Direct, how-
ever, the Earth return habitatis notavailable to the crew during their
1.5-year surface stay. The single ascent/Earth return stage of Mars
Direct was dropped in favor of separate ascent and Mars departure
stages; thus, Mars orbit rendezvousis necessary [between the ascent
and trans-Earth injection (TEI) stages].

This 1992 DRM proposed three transfer stages rather than two
as in Mars Direct. Two cargo flights depart for Mars during the
first opportunity, one to Mars orbit and the second to the surface,
in preparation for the crew during the following opportunity. Each
TMI stack was to consistofa cargo/payload portion and a propulsion
stage for performing the departuredelta velocitiesdV to geton to the
appropriate Mars trajectories. For this architecture, three 66,700-N
(15-kIbf) thrust, 960-s Iy, NTP engines were utilized with a single
H, tank for the TMI stage for each stack.2® The first proposed cargo
mission delivers a TEI stage and the crew’s return habitat to Mars
orbit, the second an in situ ascent craft to the surface, and a third
the crew to the surface in the combination transfer/descent stage
carryingan outboundAurfacehabitat (Fig. 1 and Table 3). (The Earth
return and ascent stages would operate in an autonomous mode for
about 4 years until the time of their utilization.) Methane fuel was
selected for TEI to achieve engine commonality with the ascent
vehicle. Another two cargo missions, delivering TEI and ascent
vehicles for the next mission opportunity, arrive at about the same
time as the first crew vehicle. These two vehicles are available as
backup units to the crew. At this pointin the timeline, within 3 years
of the first cargo vehicle’s departure, three vehicles, each carrying
transit habitats, are on Mars.
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Table4 1999 Mars DRM

Mission TMI/MOC Major payload Launch
name propulsion elements vehicle Year
Cargo 1 NTP/Ab Surface habitat 2 @ 80 metric tons 2011
Cargo 2 NTP/Ab Empty ascent stage 2 @ 80 metric tons 2011
ISPP + power to LEO
Liquid H, cache
Piloted NTP/NTP  TEI stage 2 @ 80 metric tons 2014

Transfer habitat to LEO

Fig. 2 Magnum
launch vehicle.

1997 DRM: Further Refinement

In 1997, the DRM was again modified.>* Removing the prohibi-
tion againstEarth orbit operationsallowed a repackagingof mission
elements with a reduction in the required payload capability of the
launch vehicle. Delivering the TMI stage and its Mars cargo (with
its aeroshell) to LEO separately allowed the change to a more mod-
est 80-metric-ton class launch vehicle. These two elements would
need only joining, not assembly, once on orbit. While doubling the
number of Earth-to-orbit (ETO) launches, the strategy eliminated
the high costs of developing a much larger launcher. The Magnum
shuttle-derived launch vehicle concept (Fig. 2) was developed to
boost 85 metric tons to a 400-km orbit at 28.5-deg inclination. The
Magnum’s payload bay size was 7.6 m in diam X 28 m in length.
Those ETO flights carrying the Mars payload element would utilize
the Mars aerobrake as their shroud (the biconic shape of the aero-
brake being very similar to the desired shape of a shroud otherwise
required for ETO ascent). The aerobrake performs the Mars orbit
capture (MOC) maneuver, which would entail its second use. In the
case of the surface payloads, a subsequentaerodescentis done with
the same shell, i.e., its third use.

1999: DRM with Round Trip Capable Transfer Stage

In a 1999 revision, a significant change occurred via combining
the once-separate outbound and inbound transfer functions. Now a
single, round trip capable crew transfer stage was baselined (Fig. 1
and Table 4). Where before the crew was to travel out in the surface
habitat and conduct a direct entry aerodescent to the surface, now
the crew transfer stage propulsively captures into Mars orbit then
would rendezvouswith an earlier-arriving,coorbitingtransferstage;
its payloadis a surface habitat/descent-stagecombination. The crew
would then transition to the habitat and descend to the surface to
land near the ascent stage. For this architecture the piloted vehicle
uses NTP for each major burn: TMI, MOC, and TEI. For the two
cargo missions, NTP is used only for TMI, whereas MOC is done
with aerocapture.

This 1999 revision, current as of this writing, is much like the
traditional split-sprint architecture described earlier. Several of
the major features of the Mars Direct architecture, except in situ
propellant production, have been dropped; the abort-to-surfacephi-

losophy, one of the most distinctive of its elements, is no longer
a feature. With a propulsive Earth return capability for the crew,
free-return trajectories would no longer be mandatory (but never-
theless might still be retained). Earth orbit operationsand Mars orbit
rendezvous are now baselined. Overall, six launch vehicles put up
three TMI stages and three payloadelements. These six elements are
joined on orbit, forming three vehicles. Total fleet IMLEO for these
three vehicles is 419 metric tons. Although NTP was baselined,
two other propulsive options were evaluated in 1999, a combina-
tion SEP/chemical propulsionoption and an all chemical-aerobrake
(Chem-AB) option.

1999 DRM Solar Electric Propulsion/Chemical Option

In the SEP option, efficient electric propulsionis combined with
solar power technology to provide a partial TMI boost to each of the
three departing transfer stages (Cargo 1, 2, and Piloted; Fig. 1). A
SEP stage would do the bulk of the LEO to TMI transfer, boosting
the Mars payload to a final high Earth orbit (HEO). A small chem-
ical stage would provide the remaining dV to surpass Earth escape
velocity and reach required TMI velocity. Each of the transfer ve-
hicles would aerocapture at Mars. Because low thrust transfers to
HEO take several months, the crew would not board the transfer
stage until the higher orbit is reached. A small, high-thrust chem-
ical propulsion space taxi stage®® would deliver the crew to HEO.
After rendezvous, the SEP stage separates and returns to LEO, is
refueled in orbit, and performs one additional LEO-HEO transfer
during another opportunity before it is expended. A 800-kW power
system and 2,500-s I, thruster performance characterize the SEP
stage.Fleet IMLEO for the required SEP and chemical Mars transfer
stages is 410 metric tons; six launch vehicles are required to place
these in LEO.

1999 Chemical-Aerobrake Version of DRM

Chemical/aerobrake architectureshave been studied to some de-
tail in the past. This implementation of the current DRM was con-
figured to lower the total program costs by reducing the number
of required new technology developments. The Chem-AB option
selects one propulsion technology for all propulsive maneuvers.
Current RL-10 O,/H, engine technology (466-s I,) is baselined.
The developmentof more costly advanced propulsiontechnologies,
such as NTP, NEP or SEP, could be considered later, as evolution-
ary steps from this initial, less-costly approach. The mission plan
is much the same as just described for the 1999 DRM; however,
the first ascent stage to be delivered to Mars goes out fully fueled.
This change represents a significant operational difference because
the first mission to Mars, in this strategy, would not be dependent
on predeployed autonomous ISPP. Subsequent ascent stages would
have oxygen supplied via ISPP. In fact, the first in situ plant would
arrive on Mars while the first crew was on the surface. There the
crew would monitor the process of filling a second ascent stage for
utilization on the next piloted opportunity. For this option H, fuel is
brought from Earth; methane is not used. For the Chem-AB option
the first two cargo missions departing in 2011 consist of a single
TMI propulsive stage that boosts a one-way payload enclosed in
a biconic aerobrake. The third cargo and piloted transfer vehicles
(illustrated in Fig. 3) departing in 2014 have greater payloads such
that two of the common propulsive stages are utilized for TMI. See
Fig. 4 for a mission timeline. The TMI stages are designed to the

Fig. 3 Mars Chem-AB vehicle configuration.
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Chemical / Aerobrake Mars Missions Timeline (2011-2016)

Table 5 1999 Chem-AB DRM

Fig. 4 Mars mission timeline 2011-2016.

Mission TMI/MOC Major payload Launch

name propulsion elements

vehicle Year

Cargo 1 B stage/Ab Power, surface payloads 1 @ 80 metric tons 2011
Cargo 2 B stage/Ab Power, surface payloads 1 @ 80 metric tons 2011

Cargo3 A+ B/Ab Surface habitat
Full ascent stage

Piloted A+ B/Ab TEI stage
Transfer habitat

3 @ 80 metric tons 2014
to LEO

3 @ 80 metric tons 2014
to LEO

Table 6 Chem-AB propulsion stage weight

Mass, kg
TMI A? B TEI Ascent
Element RL-10C* RL-10B2 RL-10B2 RL-10B2
Structure 4,239 4,239 2,048 2,048 . . .
Tankage/insulation 2959 2,959 1.235 1.235 Fig. 5 Mars lander illustration.
Engines (3) 1,512 884 884 884
Er()pu.lsmn related 645 437 419 419 require a full propellant load, and the tanks are delivered to orbit
eaction control system n/a 319 319 319 . . . .

(RCS) related off-loaded. In this case the TMI stage weight is 58.0 metric tons.
Avionics/power 475 475 200 n/ac For the heavy 2014 Cargo 3 and piloted missions, two fully loaded
Weight growth 1,074 1,074 432 432 stages are used in tandem; these are identical with the exception of
Total dry weight 10,903 10,387 5,537 5,337 the engines. The first to burn (“A” stage) utilizes three 222,400-N
RCS propellant n/a 955 923 195 (50,000-1bf)-thrust RL-50 engines and the follow-on “B” stage that
Reserves/residuals 2,060 2,031 884 638 completesthe TMI burn utilizesthree 110,000-N(24,700-1bf)-thrust
Main propellant 67,982 67,007 29,166 17,755 RL-10 B2 engines. See Table 6 for stage A and B weights.

Stage gross weight 80,944 80,380 36,510 23,923 The TEI stage is sized for the worst-case Earth return opportunity

Stage type. "Engine. °Not applicable.

capability of the launch vehicle; their maximum mass is 81.5 metric
tons. Because the triconic aerobrake can be utilized as part of the
launch vehicle shroud, an estimated 2.5-metric-ton increase in ca-
pability of the launch vehicle (to 84 metric tons) can be realized for
the payloadsencapsulatedin the dual use shroud/aeroshell. Payloads
are delivered in the order given in Table 5.

The Chem-AB DRM begins with the placement of dual 60-kW
nuclear power generators, along with other surface equipment with
the 2011 Cargo 1 and 2 missions. Alternatively, these missions could
deliver a 24-kW solar electric power system to Mars, providing
minimal power for ISPP. There remains the question of how to
robotically deploy an array of solar cells of many thousands of
square meters. During the 2014 opportunity, a third cargo mission
is launched, carrying the surface habitat and a fueled ascent stage.

The common TMI chemical propulsive stage weighs 81.5 metric
tons fully loaded with propellant.For each of the two cargo missions
of 2011, only one TMI stage is required. These departures do not
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of 2022. The tanks and engines are common with the ascent stage.

The descent stage uses the aerobrake during the first portion of
descent, a supersonic multichute parachute system to reduce the

velocity further, and RL-10 engines to provide the final 632 m/s
(Ref. 26) of dV to hover and touchdown. Because the descent stage
is packaged in a conical aerobrake, a horizontal configuration is
baselined (Fig. 5). (An alternate lander configuration that features a
vertical stacking arrangement is shown in Fig. 6.) A comprehensive
list of system weights and payload elements is given in Table 7. The
Chem-AB option requires eight launch vehicles, which together
deliver a total of 668 metric tons to LEO.

In Table 8, the Chem-AB option is compared to the NTP and
SEP alternatives. The comparisons are based on several criteria, in-
cluding the number of Magnum launches and IMLEO required for
one complete 2011-2014 mission. General propulsion-related ad-
vantages and disadvantagesof each are listed in Table 9. Chem-AB
has the advantages of utilizing off-the-shelf propulsion and lower
development costs but requires more IMLEO than the others. SEP
offers good reusability but requires a large area for its arrays, which
would suffer some decay in performance as a result of Van Allen
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Table 7 Chem-AB mission system masses

Description for mission

Parameter Cargo 1 Cargo 2 Cargo 3 Piloted 1 Total

Earth departure date 8 November 2011 8 November 2011 27 December 2013 10 January 2014

TMI dV (with g losses) (km/s) 3.605 3.605 3.661 3.768

C3 with 1 engine out (km?/s?) 9.08 9.08 9.03 10.98

Outbound trip time (days) 265.5 265.5 207 193

Mars arrival Vhp/(allowed km/s) 3.45/5.42 3.45/5.42 5.42/5.42 5.42/5.42

TEI to ascent rendezvous dV (km/s) n/a* n/a n/a 0.500

Mars depart date/dV (km/s) n/a n/a n/a December 2015/1.615

Earth arrival date/Vhp/allowed (km/s) 12 July 2016/6.4/6.9

Total mass in LEO (metric tons) 84.0 84.0 245.0 254.6 667.6

Magnum launches 1 1 3 3 + shuttle 8

Transfer stages B B B+A B+A 4B +2A

Trans Mars injection stage, metric tons 437.4
Stage 1 dry weight 10.9 10.9 10.9 10.9 43.6
Reserves/residuals 1.0i| B off loaded 1.0i| B off loaded 2.(2):| B 2.0i| B 6.0
Usable propellant 45.1 45.1 68. 68.0. 226.2
Stage 2 dry weight n/a n/a 10.9 10.9 21.8
Reserves/residuals 2.0i| A 2.0i| A 4.0
Usable propellant 68.0 68.0 136.0

Payloads of Mars orbit 27.0 27.0 83.2 92.8 230.0
Stages n/a n/a 27.7 (ascent) 36.5 (TEID) 64.2
Stages 8.0 (descent) 8.0 (descent) 20.7 (descent) n/a 36.7
ECRV + crew n/a n/a n/a 5.8 5.8
Aeroshells 5.5 5.5 13.4 134 37.8
Habitats n/a 3.0 (lab module) 15.5 (surface) 20.8 (transit) 39.3
Consumables 3.6 3.9 0.5 12.2 20.2
Power 5.3 (nucl surface) 5.3 (nucl surface) 4.5 (solar surface) 3.5 (transit) 18.6
Science (surface/transit) 1.1 (surface) n/a 0.7 (surface) 0.6 (transit) 2.4
Other 1.2 1.3 0.2 n/a 2.7
Rovers 2.3 n/a n/a n/a 2.3

# Not applicable.

Table8 Architecture comparison by general criteria®

Years between
ascent stage

Propulsion Number of ETO Total fleet Commonality of main Insitureq’t  Earth departure
system launches IMLEO, metric tons propulsion first mission  and utilization
SEP/Chem-AB 6 410 None Yes 4
NTP 6 419 TMI-MOI-TEI Yes 4
Chem-AB 8 668 TMI-TEI-descent-ascent No 2

#Comparison based on a typical Mars mission with 80 mt class payload ETO.

Table9 Mars transfer vehicle main propulsion comparisons®

System Advantages Disadvantages
Cryo/AB Lower development cost High IMLEO
Adequate redundancy Sensitive to variations in mission profile requirements
Good reusability potential if operated from L2 node May require orbital assembly of large aerobrake,
with rigorous verification requirements
A large low-energy aerobrake is required for Mars landing Needs accurate terminal navigation at Mars for successful aerocapture
with any propulsion option
SEP Fully reusable Susceptible to radiation damage in van Allen belts
Lower IMEO after first trip High power levels (MWSs) required for reasonable trip times
Trip times competitive with cryo/aerobrake Large area required for solar array
May offer low development cost Array production cost may be too high
Less sensitive to launch dates, windows Variable power over trajectory
Development synergy with SSP systems Small solar flux for distances between Mars
Power supply at destination
Eliminates risk of large, high-energy aerobrakes
NTP Lower IMLEO Nuclear systems in ETO launch
Trip times about 400-450 days possible all opportunities High cost development
Broader launch windows than chemical systems
Technology demonstrated through ground test
Eliminates development and risk of large, high-energy aerobrakes
Reusable and restartable
Simpler trajectory design
NEP Fully reusable Operated from HEO for competitive trip time

Lower IMEO after first trip

Faster trip times at high power, <200 days each way
Power supply at destination

Eliminates devel and risk of large aerobrakes

Less sensitive to launch dates, windows

Power source independent of solar distance

Limited redundancy and long operating times

Dynamic power conversion required

Nuclear power requires further technological development
High power levels required for reasonable trip times (10 MW)
Nuclear systems in ETO launch

*Major advantages and disadvantages are shown in boldface type.
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Fig. 6 Alternate lander configuration.

beltpassage. Nuclear systems provide both lower IMLEO and faster
trip times but may incur high developmentcosts, particularly in the
area of ground test facilities. Developing either SEP or nuclearsys-
tems would preclude the development and risk of large high-energy
aerobrakes.

Conclusions

Current and past Human Mars mission architectures were inves-
tigated. For the current DRM, a lower number of launch vehicles
is required for the NTP and the SEP variations than for the Chem-
AB option, primarily due to the higher propellant requirements of
its lower I, propulsion system, which in this case is relatively in-
expensive LO, and LH,. Advantages of the Chem-AB, however,
are several. First, fewer new technology developmentsare required;
second, first mission set cost would be lower; finally, off-the-shelf
engines would be used for all but Mars orbit capture, precluding
the need to develop methane-basedpropulsionsystems as baselined
for the other variations. The Chem-AB option proposed here is not
dependent on ISPP for the first mission. ISPP is assumed for sub-
sequent missions, and its first use would occur with the crew on
site monitoring the operation. If water is easily accessible on Mars,
ISPP may be based on water electrolysis rather than methane pro-
duction from the atmosphere. This water electrolysis scheme for
ISPP lends itself to higher I, ascent propulsion based on liquid
oxygen/LH,. Because the first mission is not ISPP dependent, the
crew can descend to the Mars surfacein a fully fueled ascent/descent
stage, retaining full abort-back-to-orbitcapability.

Acknowledgments

The authors would like to express their thanks to Hank Kirchmyer
of Marshall Space Flight Center for his contributions and support
and would like to recognize Bob Saul of Frassanito and Associates
for the color graphicsand J. Horsewood, founderof Adasoft™, Inc.,
and authorof MARE™, for his contributionsto engine-outanalyses.

References
'Donahue, B., “Self-Assembling Transfer Vehicles for Human Mars Mis-
sions,” Journal of Spacecraft and Rockets, Vol. 36, No. 4, 1999, pp. 598-602.
2«Manned Mars Mission Study,” TRW, NAS2-1409,Redondo Beach, CA,
1965.

3Ehricke, K., Whitlock, C., Chapman, R., and Purdy, C., “Calculations on
a Manned Nuclear Propelled Space Ship,” American Rocket Society, Paper
352-57,1957.

4“EMPIRE—A Study of Early Manned Interplanetary Missions,” Philco-
Ford, NAS8-5025, Nov. 1962.

SOrdway, F., Sharpe, M., and Wakeford, R., “EMPIRE: Early Manned
Planetary-Interplanetary Roundtrip Expeditions Part I: Aeronutronic and
General Dynamics Studies,” Journal of the British Interplanetary Society,
Vol. 46, 1993, pp. 179-190.

6Ordway, E., Sharpe, M., and Wakeford, R., “EMPIRE: Early Manned
Planetary-Interplanetary Roundtrip Expeditions Part II: Lockheed Missiles
and Space Studies,” Journal of the British Interplanetary Society, Vol. 47,
1994, pp. 181-190.

7Gunn, S., “Development of Nuclear Rocket Engine Technology,” ATAA
Paper 89-2386, July 1989.

8“Manned Mars Exploration in the Unfavorable (1975-1985) Time
Period,” Douglas Aircraft, NAS8-11005 (Douglas Rept. SM-45575),
Huntington Beach, CA, Jan. 1964.

9“Manned Mars and Venus Exploration Study,” General Dynam-
ics/Convair, NAS8-11327 (General Dynamics Rept. AOK 65-002-1), San
Diego, CA, June 1965.

19“Manned Mars and/or Venus Flyby Vehicle Systems Study,” North
American Aviation, NAS9-3499, June 1965.

“Integrated Manned Interplanetary Spacecraft Concept Definition
Study;” Final Rept. Vol. 4 System Definition, Rept. D2-113544-4, Boeing,
NAS1-6774, Seattle, WA, Jan. 1968.

12«America’s Next Decades in Space,” NASA, Rept. for the Space Task
Group, Washington, DC, Sept. 1969.

13“Hearing Before the Committee on Aeronautical and Space Sciences,
United States Senate, Ninety-First Congress, First Session,” 5 Aug. 1969.

14Bellcomm, Inc., “Long Range Space Program Planning,” Prepared for
NASA, Contract NASW-417, TR-69-105-2-1, Oct. 1969.

15“Nuclear Flight Systems Definition Study,” Lockheed Missiles and
Space Co., NAS8-24715, Sunnyvale, CA, 1970.

16«Space Transfer Concepts and Analysis for Exploration Missions,” The
Boeing Co., Phase I Final Rept., NAS8-37857, Huntsville, AL, March 1991.

"Donahue, B., “Mars Ascent-stage Design Utilizing Nuclear Propul-
sion,” Journal of Spacecraft and Rockets, Vol. 32, No. 3, 1995, pp. 552-558.

18Baker, D., and Zubrin, R., “Mars Direct: Combining Near-Term Tech-
nologies to Achieve a Two- Launch Manned Mars Mission,” Journal of the
British Interplanetary Society, Nov. 1990.

19Zubrin, R., and Baker, D., “Mars Direct: A Simple, Robust, and Cost
Effective Architecture for the Space Exploration Initiative,” AIAA Paper
91-0326,Jan. 1991.

20Ash, R., Dowler, W., and Varsi, G., “Feasibility of Rocket Propellant
Production on Mars,” Acta Astronautica, Vol. 5, 1978, pp. 705-724.

2IWeaver, D., and Duke, M., “Mars Exploration Strategies: A Reference
Design Mission,” IAF Paper 93-Q.1.383, Oct. 1993.

227ubrin, R., and Weaver, D., “Practical Methods for Near-Term Piloted
Mars Missions,” AIAA Paper 93-2089, June 1993.

23Borowski, S., McGuire, M., Beke, E., “Nuclear Thermal Rocket/Vehicle
Design Options for Future NASA Missions to the Moon and Mars,” AIAA
Paper 93-4170, June 1993.

24Reference Mission Version 3.0 Addendum to the Human Exploration
of Mars: The Reference Mission of the NASA Mars Exploration Study
Team, edited by B. G. Drake, Exploration Office Document EX13-98-036,
June 1998.

25Y0ung, A., “Human Mars Mission SEP Architecture Crew Taxi Propul-
sion Stage Study,” Alpha Technology, Final Rept. H-28653D (Part 1) for
NASA MSFC, Huntsville, AL, Sept. 1999.

26Koss, L., and Hayes, J., “Human Mars Mission Architecture and Mars
Transportation System Study,” Intercenter Team Exploration Transportation
‘Working Group, NASA MSFC Internal Rept., Jan. 1999.

J. A. Martin
Associate Editor



