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FOREWORD
¢

This report serves as the second Addendum to NASA-SP-2009-566, “Human Exploration of Mars Design Reference
Architecture 5.0.” The data and descriptions contained within this Addendum capture some of the key assessments
and studies produced since publication of the original document, predominately covering those conducted from 2009
through 2012. The assessments and studies described herein are for the most part independent stand-alone
contributions. Effort has not been made to assimilate the findings to provide an updated integrated strategy. That is
a recognized future effort. This report should not be viewed as constituting a formal plan for the human exploration
of Mars. Specific contributions to this document were provided by Leslie Alexander, John Baker, Brent Barbee,
Kendall Brown, Tim Collins, Cassie Conley, Steve Creech, Bret Drake, Alicia Dwyer-Cianciolo, Kandyce Goodliff,
Rob Grover, Jeff Gutkowski, Mike Hembree, Steve Hoffman, Rickey Jedrey, Larry Kos, Craig Kundrot, Damon
Landau, Kathy Laurini, Roger Lepsch, Stan Love, Lee Mason, Todd May, Dan Mazanek, Michelle Munk, Steve
Oleson, Don Palac, James Pope, Michelle Rucker, Margret Race, Randy Rust, Jonette Stecklein, Walter Stephens,

Larry Toups, and Scott Vangen. Special thanks go to Kevin Watts for his patience and dedication to the technical
editing of this Addendum.

Bret G. Drake
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1. SUMMARY OF ASSESSMENTS CONDUCTED SINCE DRA 5

¢

1.1. Lunar Capability Concept Review (2008)

Primary Contributors:
Bret G. Drake, National Aeronautics and Space Administration, Johnson Space Center

During formulation of the Mars Design Reference Architecture (DRA) 5.0, several human exploration related
activities were being conducted in parallel. The initial framing of the Global Exploration Strategy? included dialog
and workshops with 17 international space agencies and science organizations focused on goals and objectives of
future exploration endeavors. During that same time period, NASA chartered the Lunar Architecture Team to play a
key role in the continual development and implementation of the strategies outlined in the Vision for Space
Exploration,® NASA Authorization Act of 2005,* and later the NASA Authorization Act of 2008.°> The Architecture
Team was a comprehensive Agency effort that included contributions from more than 200 NASA personnel
representing nine NASA Centers with emphasis to:
o Develop a baseline architecture for robotic and human lunar missions that can be traced directly to specific
objectives;
o Formulate a concept of operations for planned lunar missions;
e Develop individual requirements for incorporation into NASA’s Exploration Architecture Requirements
Document; and
e  Assess functional needs and analyze required technologies.

Throughout all of these studies and activities, Mars was consistently used as the long-term destination to frame the
discussions and future planning. NASA was continuing the definition of the key elements of the Constellation
Program (CxP), namely the Ares-l1/Ares-V launch vehicles, Orion crew exploration vehicle, and supporting ground
operations infrastructure. The framework for the Constellation Program was to establish core capabilities that could
be utilized for numerous future destinations including human missions to the Moon and Mars. Although the original
framing focused on the Moon, with Mars as the ultimate destination, it was recognized that the decision to terminate
the Space Shuttle Program to free funding for exploration endeavors would leave a deficiency in the ability of the
United States to deliver crew and cargo to the International Space Station (1SS)." Thus, early emphasis was placed
on establishing initial capabilities to support the operations of the 1SS, with missions to the Moon as the logical next
step.

As the formulation of the 1SS support elements proceeded through their initial programmatic design phases (Systems
Requirements Review and Systems Definition Review), Agency management determined that a key checkpoint was
necessary to provide further definition of the future lunar program elements, including demonstration of direct
applicability of the Initial Capability elements supporting ISS operation (Ares-I, Orion, and ground operations) in
that formulation. This synchronization between the initial capability (ISS focused) and lunar capability needs was
accomplished through the Lunar Capability Concept Review (LCCR), which was conducted in June 2008 in parallel
with the Initial Capability Systems Definition Review.

The purpose of the LCCR was to define a point of departure transportation architecture for the CxP lunar capability
including the ability to deliver and return crew to the surface of the moon for short duration (i.e., human lunar
return) and evolve to the establishment of a lunar outpost. Although the LCCR focused on the conceptual designs
and key driving requirements for Ares V launch vehicle and Altair crew and cargo lunar landers, the review showed
how the transportation architecture, including extravehicular activity (EVA) and ground operations could support a
range of mission campaigns and possible surface architecture solutions. Although specific concepts for neither the
lunar surface systems, nor human missions to Mars, were explicitly included in the LCCR success criteria, the lunar

! This period was commonly referred to as the “gap”, or the time between Shuttle decommissioning and when the Ares-I and Orion systems

would be available to support ISS operations.
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surface and Mars mission concepts were used to help formulate the key driving requirements for the initial
capability systems. The ability of the LCCR transportation elements to meet key Mars needs was included via an
extensibility figure of merit. Since the LCCR focused predominately on the transportation capability necessary for
human lunar return, namely the Ares-V launch vehicle and Orion crew vehicle, assessments were conducted on
those elements to determine their applicability to Mars missions.

As described in Mars DRA 5.0, the reference architecture requires launch and aggregation of mission elements in
low-Earth orbit (LEO) for checkout prior to departure for Mars. In the initial framing of DRA 5.0, both the Nuclear
Thermal Propulsion (NTP) and chemical propulsion architectures would utilize a reference launch vehicle that could
provide approximately 120 t to LEO. This notional launch vehicle capability not only would include adequate mass
performance, but also would include a large payload shroud necessary to encapsulate the anticipated size of the
Mars payloads. In addition, assessments were conducted on some elements, namely the NTP system, to determine
whether the number of launches could be reduced by trying to find an appropriate match between mass and volume
performance of the launch system. Follow-on studies showed that a good balance could be found when the
appropriate launch vehicle mass and volume capabilities could be “matched” with the specifics of the in-space
transportation system [Borowski, 2009]°. Specifically, the number of required launches could be reduced from nine
to seven with a launch vehicle performance of 140 t and corresponding payload shroud of 10 m by 30 m in diameter
and length respectively. This mass/volume matching is especially important with the NTP transportation concept
since the hydrogen propellant requires more volume than the other transportation concepts assessed.

During LCCR, an assessment was made to determine how well the emerging Ares-V lunar launch vehicle could be
utilized for future Mars missions. As the lunar systems trade space evolved, assessments were made to determine
the specific performance of the leading Ares-V launch vehicle concepts, namely the 51.00.48 and 51.00.47
configurations. As shown in Figure 1-1, these launch systems could deliver approximately 154 t and 162 tto a
reference circular orbit with an altitude of 222 km. Although slightly lower than the reference 407 km altitude orbit
used in formulation of DRA 5, it was determined that these reference configurations could provide ample launch
vehicle performance in terms of both launch mass and volume for the envisioned future human missions to Mars.
This included options for pure payload delivery to LEO (131 t and 137 t) as well as options where the launch vehicle
shroud could be used as a dual-purpose system comprising the aerobrake at Mars. In this dual use shroud mode, it
was estimated that between 84 and 90 t would be available for the Mars lander, which is far greater than the Mars
DRA 5 estimated lander wet mass of 67 t2. The Lunar Capability Concept Review concluded that the Ares-V launch
vehicle concepts would provide adequate performance in terms of both mass and volume. This is an important
finding, especially in light of the degraded performance associated with the current [circa 2012] Space Launch
System, which would provide less performance in terms of both mass and volume, to a sub-orbital staging point.
Reduction in launch vehicle payload mass, volume, and delivery point (negative perigee staging) would place
greater demands on the in-space transportation elements and result in additional launches necessary to conduct both
the cargo and crew Mars missions. The current status of the Space Launch System is discussed in more detail later
in this Addendum.

Assessments were also conducted regarding the Orion crew exploration vehicle to assess the applicability of the
vehicle in supporting Mars mission needs. Emerging from DRA 5.0, the following key capabilities would be
required from the Orion system:
o Delivery of 6 crew to LEO
Return of crew (direct entry) at the end of the Mars mission
Active crew duration of 21 days
Dormant duration of 900 days after mission initiation
Entry speed at Earth return less than 12 km/s

The Lunar Capability Concept Review concluded that the Orion block upgrade strategy (Block 3 composing the
upgrades necessary for Mars missions) remained a viable strategy and an enabling element of future human Mars
missions. Crew delivery to LEO would be encompassed by LCCR Orion concept. As depicted in Figure 1-2,
assessments also determined that the Earth return entry speeds would be within “Orion family” at 12 km/s and the

2 Since the aeroshell mass is considered part of the launch vehicle in this dual shroud mode, the wet mass does not include the aeroassist

system but only the descent stage mass.
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Orion lunar skip entry techniques directly applicable to Mars Earth return as well as Mars aerocapture. The LCCR
process provided guidance on further follow-on assessments including the need for refinements to service module
(tailor for the overall less demanding Mars mission requirements for delta-v and crew consumables), assessment of
dormant timeline, and incorporation of lightweight thermal system approaches to increase entry speed capabilities
and reduce mass.

1.2. Review of U.S. Human Spaceflight Plans Committee (2009)

Primary Contributors:
Bret G. Drake, National Aeronautics and Space Administration, Johnson Space Center

In May 2009, the White House announced the formation of an independent committee that was charged to review
the U.S. human spaceflight plans.” Specifically, the committee was charged with “assess[ing] a number of
architecture options, taking into account such objectives as: 1) expediting a new U.S. capability to support use of the
International Space Station; 2) supporting missions to the Moon and other destinations beyond low Earth orbit; 3)
stimulating commercial space flight capabilities; and 4) fitting within the current budget profile for NASA
exploration activities.” The committee formed four separate subgroups organized to address different aspects of the
overall committee’s charter. At the request of the exploration sub-committee, NASA provided mission and system
architecture assessments for consideration by the overall committee. NASA support was initiated June 30, 2009,
and was completed by the end of July 2009. Findings of the Committee were released in October 2009.% This
section provides a summary of the NASA Mars-related assessments conducted at the request of the Committee.

1.2.1. Mars Relevant Scenarios

The beyond LEO subgroup outlined five architectures constructed to assess different potential exploration scenarios,
including: A) Lunar Base, B) Lunar Global, C) Moon to Mars, D) Mars First, and E) Flexible Path.

Scenario C - Moon to Mars: Moon to Mars, or more completely Moon on the way to Mars, is a fundamentally
different idea than proposed in the beyond LEO’s subgroup Lunar Global scenario. In this scenario, the primary
objective would be Mars exploration. All systems would be designed for Mars, and a development and test plan
would be created to reduce risk and gain confidence and experience with the Mars exploration system. When
beneficial to use the Moon as a true test bed for these Mars exploration systems, flights to the Moon would be
conducted. The Moon would not be a conceptual test bed for Mars, but an actual test bed for Mars. Since all recent
Mars design reference missions call for extended sorties, this would be surface exploration mode on the Moon as
well. From an international perspective, the United States would be a clear leader in this program. Commercial
participation would be enhancing, probably be limited to activities such as launch to LEO. The human exploration of
the Moon and Mars would be complementary to the ongoing robotic exploration, and synergies would be exploited,
but would not fundamentally drive the program.

Scenario D — Mars First: Mars First is, as the name implies, a plan to exclusively pursue human exploration of Mars
as fast as possible, without using the Moon as a first destination for any purpose. Exploration would be done in
extended sorties, but technology now would become an enabler, as systems such as nuclear rockets and/or Mars
atmospheric aero breaking and aero capture become essential much more so than in other scenarios. Again, the
United States would be the clear leader of the program within the international community, and commercial
participation would be enhancing, probably limited to launch to LEO. The human exploration would be
complementary to the robotic exploration of Mars.



Mars Design Reference Architecture 5.0 — Addendum #2

51.00.47: Perforrénance Summary A

Performance| | Performance
Margin Margin
™ 0 | EA
Tofal = 153.8¢ L oar=138.9¢
] L -
ASE—= ASE—P
52 7.9
125 51.00.47 Gross
LEC Payload ;
B AL Eatioin
= :89.6
75 - : Lander/Ballast
Allocation
136.9
50 4
Aer;:)-SIlroud
= :50.0
0 ; .

Reference 51.00.47 to 222kam DLIa|-U5EﬁE§'D Shroud to 407km Jettisoned Aerc Shroud to 407km

-Baseline vehicle flies to lower orbitthan Dual Use Shrofjd mission [222km{120nmi) circvs. 407km (220nmi) circ]
-Baseline 51.00.47 LEO payload (EDS propellant and Lynar Lander) is reported as ‘Gross Payload'.
-Vehicles are structurally sized to accommodate larger shrouds.

51.00.48: Perforrfnance Summary A

Performance : Performance
175 Margin Margin
84 : 131 —
150 ;
~ ; i
ASE—=—— ASE[—]=
125 51.00.48 Gross 48 7.6
LEOQ Payload
TIPS 143 I janderBallastll f L
i Allo cation
= B3.6
75 1 Land er/Ballast
Allocation
130.8
50 1 ;
Aerci-Shroud
= 50.0
0 T T T |
Reference 51.00.48 to 222km Dual-UseAEriJ Shroud to 407km  Jettisoned Aerc Shroud to 407km

-Baseline vehicle flies to lower arbitthan Dual Use Shrufiud mission[222km(120nmi) circvs. 407 km (220nmi) circ)
-Baseline 51.00.48 LEO payload (EDS propellant and Lunar Lander)is reported as ‘Gross Payload'.
-\iehicles are structurally sized to accommodate Iargers_)'urc:uds.

Figure 1-1 LCCR era Ares-V launch vehicle capabilities for Mars missions.
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Figure 1-2 LCCR era Orion crew vehicle capabilities for Mars missions.

1.2.2. Assessments Conducted at the Request of the Committee

Due to the time constraints under which the Committee was operating, complete end-to-end architecture analyses
were not possible. Instead, emphasis was placed on those aspects of the mission architecture that would provide the
best insight into the Committee’s deliberations, namely launch vehicle requirements and relationship of the longer-
term Mars needs with more near-term activities such as operational and systems testing.

1.2.2.1. Payload to the Surface of Mars

The beyond LEO subgroup requested data to provide better insight into the relationship between the payload landed
on the surface of Mars and how that translated into the overall lander size and resulting architecture. During
formulation of DRA 5.0, emphasis was placed on trying to find a good match between the lander size, as measured
by the total mass of payload the lander could deliver to the surface, number of landers within the architectural
framework necessary to satisfy the goals and objectives, and complexity of the operations required to establish
surface operations. This analysis resulted in a strategy whereby two landers, each capable of landing approximately
40 t of useful payload on the surface, would be utilized to support a crew of six for 500 days on the surface of Mars.
The Committee’s beyond LEO subgroup was interested to know what other strategies were available to potentially
reduce the size of the landers and how that strategy affected the resulting architecture.

The surface strategy portion of this assessment involved assembling manifests for all of the combinations of two
different crew sizes (four and six crew members) with three different lander sizes (delivered payload capacities of
10, 20, 30, and 40 tons). Due to time constraints, it was not possible to put significant effort into assessing the
ability of these crews to accomplishing specific scientific or mission objectives; no relevant baseline existed against
which such a comparison could be made. Rather this became an exercise in distributing surface systems identified
in DRA 5 (appropriately scaled for the crew size) among as many landers as necessary to deliver the mission
payload. Table 1-1 provides an example of the size of typical payload elements, quantity required, and whether the
payload can be further subdivided; i.e., could potentially be split up and manifested on different landers, if required.
As the payload elements are manifested onto more landers, due to reduced lander performance, additional surface
operations are required to assemble the elements together to meet the functional needs of the mission. This table
demonstrates that many of the payload elements could be accommodated on the range of landers considered from 20
to 40 t payload capabilities, but the 10 t landed capacity would require further subdivision of the habitat function
among multiple landers, thus increasing the operational complexity.

The other major element required to be landed on the surface of Mars is the ascent vehicle, which would be used by
the crew to depart Mars surface. Understanding the minimal size of the ascent stage is important since it represents
one of the largest elements that must be landed on Mars intact. That is, assembly of an ascent stage on the surface of
Mars comprised of smaller, multiple indivisible units, was not deemed practical. Top-level sensitivity analyses were
conducted on different ascent stage strategies including sensitivity to crew module mass; stage dry (inert) mass, and
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propulsion system performance (pressure fed and various pump fed concepts). To reduce the total mass landed on
the surface of Mars, for these analyses it was assumed that all of the ascent oxidizer (oxygen in this case) would be
produced via In-Situ Resource Utilization (ISRU) by extracting the oxygen from the atmosphere of Mars per the
concepts outlined in DRA 5.0. For this strategy, the fuel (methane in this case) was assumed to be brought from
Earth in the ascent stage. Thus, these options represent the near-minimum mass required to be landed on the surface
(stage inert mass, crew module, and ascent fuel), but not the oxidizer. Results for the sensitivity analysis on
differing assumed stage performance, pressure and pump fed, are provide in Figure 1-3. Examination of this figure
shows that the minimum stage size representing the most aggressive assumptions is15 t when the fuel is taken from
Earth. Also, only the most aggressive cases where all propellant is delivered separately from the ascent stage
accompanied with aggressive mass properties (total inert mass plus crew module mass of 5 t) are able to come close
to the 10 t landed limit. From this analysis it was determined that a 10 t landed delivery capability would be
insufficient and a more reasonable lower limit would be on the order to 20 t to allow for other manifested items,
systems growth and margin. Figure 1-3 also shows the total wet mass prior to ascent from the surface of Mars, as
represented by the height of each representative bar (inert mass + fuel + oxidizer). As can be seen from this figure,
typical wet ascent stages would be on the order of 40-60 t. This demonstrates further how the incorporation of ISRU
into the overall architecture can drastically reduce the lander delivery requirement to the surface of Mars, where the
produced oxygen, represents nearly 60% of the wet ascent stage mass.

Results from these assessments indicated that the ascent vehicle and the habitat were the systems determined the
largest individual elements that the lander needed to deliver to accomplish a surface mission. Further subdividing
either of these systems was not considered a viable approach. Due to the transit time required to get to Mars, on the
order of 180 days or more, it is anticipated that upon arrival the crew would be deconditioned to the gravity
environment of the surface. Current assessments from the Human Research Program indicate that sufficient time,
on the order of 7-14 days, should be provided for the crew to acclimate to the surface gravity of Mars®. During this
period, critical time-dependent activities required by the crew should be minimized to the greatest extent possible.
Thus, significant surface assembly operations, such as construction or major outfitting of the surface habitat or
assembly of the ascent stage, would need to be conducted robotically: 1) by the crew upon arrival, or 2) from Earth
with much longer communication delays. The remaining item on the manifest of surface payload could be
reasonably distributed on the landers carrying these two large systems or placed on additional landers. The results
of this manifesting exercise are summarized in Table 1-2.

Table 1-1 Typical Mars Surface Payload Sizes

e & Crew Can Payload be
40 t Lander 20 t Lander

aty. Unit Mass (kg) aty. Unit Mass (kg) subdivided?
Yes

Crew Consumables 1 7940 1 5220

Science 1 1200 1 960 Yes
Robotic Rovers 2 200 2 200 No
Drill 1 250 1 250 No
Unpressurized Rover 1 200 1 200 No
Pressurized Rover 2 7500 2 7500 No
LOX Transfer Cart 0 2 400 No
Habitat 1 24560 1 19870 No
Stationary Power System 2 7800 2 7800 No
ISRU Plant 1 1230 2 1230 No

The time required for the crew to acclimate to the surface environment of Mars is highly dependent on crew selection, countermeasures
instituted and followed by the crew during transit to Mars, the health and medical equipment provided in the transit habitat, and the degree
of difficulty and timeline associated with crew critical tasks. The HRP continues to gain vital data from each ISS crew rotation, each of
which simulates the 180-day transit to Mars. Through this research program, it is anticipated that the acclimation time may not be as long
as outlined in DRA 5, but a final determination has not been made as of this writing.
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Figure 1-3 Mars ascent stage minimum size for various stage concepts.

Table 1-2 Manifest Results for Combinations of Crew and Lander Capacity

Lander Payload Mass Total DeliveredSurface Number of Landers
Number of Crew

Capacity (t) Payload Mass (t) Required Wet Lander Mass (t)
6 40 88.4 2 111.1
6 30 89 3 84.5
6 20 (too small) N/A N/A
6 10 (too small) N/A N/A
4 40 80.2 2 106.8
4 30 80.2 3 84.7
4 20 82.2 4 68.9
4 10 (too small) N/A N/A

Several surface strategy-related observations can be made from these results. For the 6 crew, 40 t lander case, the
total landed payload mass exceeded the stated capacity of the lander by approximately 10 percent. Normally, this
would have caused the estimates for the payload to be reexamined or the lander and other entry systems to be
resized. However, an initial examination of the payload mass estimates indicated at least one of the payload
compliments (i.e., the ascent stage, ISRU, and power plant combination) was unlikely to be reduced in mass and
insufficient time was available during this assessment to resize the Entry, Descent, and Landing (EDL) elements.
Thus, the results were acknowledged to be undersized in this one case. For the six-person crew cases, the 20 t
capacity lander was found to be too small to land the ascent stage even with no other payload on board, defining a
lower bound on the landing system and other associated elements in the transportation system.

In the four-person crew cases, the surface system payloads could be redistributed among two 40 t landers or three 30
t landers without change to surface operations. However, for a 20 t lander case the previously assumed strategy of
landing an ascent stage, ISRU plant and power plant as a single package could no longer be accomplished. The
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ISRU plant and power plant were placed on a separate lander. This required the introduction of temporary storage
tanks and propellant transfer vehicles to offload propellants from the “ISRU lander,” move these commodities to the
ascent stage and then load the propellants into the ascent stage as shown in Figure 1-4. These additional systems are
the cause of the increased total delivered surface payload mass seen in Table 1-2. Thus, subdividing the number of
elements across multiple additional landers increases the complexity of surface operations required to complete the
mission. One last observation from the results of this table is that the difference in total delivered surface payload
mass and initial mass in low-Earth orbit (IMLEO) requirement for a crew of four and a crew of six is relatively
small — on the order of five percent or less, even after the ascent vehicles, surface habitats, and crew consumables
were resized for these different crew sizes. This observation is consistent with other comparisons of crew size
discussed in this addendum. Namely, that the mass associated with a Mars mission does not scale linearly with the
size of the crew, and that once a basic capability to transport and support a crew, changes in the size of the crew
have a relatively small impact on the overall mass of the mission.

Total mission mass as measured by the initial mass in LEO was determined to provide further insight into how
manifesting the necessary surface elements onto additional landers affects the resulting launch campaign and launch
vehicle size. Figure 1-5 provides the launch vehicle results for both the Nuclear Thermal Propulsion (NTP) and
chemical propulsion cases. These launch vehicle results are provided for both the NTP and chemical architectures
for combinations of four or six crew with lander capacities of 20 t or 40 t of useful payload to the surface of Mars.

Figure 1-5a presents the results of the required size of the launch vehicle in terms of useful payload delivered to
LEO. In this analysis, LEO is defined as a circular 400 km orbit at Earth at the necessary inclination required for the
necessary Earth departure maneuver. As can be seen from this figure, both the NTP and chemical architectures
require launch vehicle performance of approximately 120 t — 140 t to LEO. The NTP architecture tends to require
more launch vehicle performance only if it can achieve a good match of payload shroud volume. This “matching”
of launch vehicle mass and volume for the NTP architecture allows closure of the strategy with fewer overall
launches as shown in Figure 1-5b. As can be seen, the NTP architecture requires fewer overall launches than the
chemical architecture, due to the higher performance of the NTP propulsion technology. Figure 1-5¢ provides the
volume needs for the two propulsion concepts. Due to the low packaging efficiency of the liquid hydrogen
associated with the NTP concept, the NTP architecture requires much larger launch vehicle shrouds. Whereas
chemical propulsion packages better requiring smaller launch vehicle shrouds, it required more launches and higher
overall mass than the NTP concept.

Figure 1-5d provides a summary of the total architecture mass associated with the crew and lander delivery options.
Two general trends appear. 1) Architecture mass increases as less-efficient propulsion concepts are considered.
This is evident in the upward trend in mass from NTP to chemical in Figure 1-5d. 2) The architecture mass also
increases as the surface payloads are manifested on smaller landers. This affect is predominately due to the fact that
additional “un-used” inert mass, in the form of the landers themselves, must be introduced into the overall
architecture to land the payloads in additional packages on the surface. That is, an inherent architectural efficiency
can be gained by using fewer larger landers.

1.2.2.1. Testing Venues to Reduce the Risk for Human Missions to Mars

As was described previously, the beyond LEO subgroup outlined five scenarios to help drive different
implementation and technology strategies for future exploration endeavors. Scenarios C and D, “Moon to Mars”
and “Mars First,” respectively, represented two different paths for Mars exploration with primary focus on different
strategies associated with the testing and validation concepts that might be necessary prior to execution of the actual
human mission to Mars. The Committee was also interested in the role of the Moon as a testing venue prior to
future Mars exploration.
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Figure 1-4 Surface manifest for differing landed payload capabilities.

At the request of the Committee, NASA conducted several workshops specifically focusing on the test and
validation strategies necessary for a balanced risk posture for future Mars missions. Specifically, these workshops
assessed verification and validation strategies that would ensure the safety and effectiveness of Mars exploration
systems, including, but not limited to: use of ground test facilities; use of analog test sites on the Earth; atmospheric
flight testing; testing of human performance on ISS; lunar surface tests and robotic tests. In this context, emphasis
was placed on deciding what could be done on the Moon for testing of Mars-bound systems and elements, thereby
minimizing the specialization of the equipment for the Moon.

Key focus for these workshops included:
e  What must be tested?
Why must it be tested?
How much must be tested?
How relevant are various testing venues in the testing strategy?
What are the risks if the testing activity is not conducted on the Moon?

Testing encompassed all aspects of future Mars missions including testing technologies at various levels of maturity,
systems and capabilities, as well as operational testing. Table 1-3 provides a list of the example testing venues
considered. These venues range from Earth-based laboratories, to robotic missions, as well as operational tests with
humans in deep space.
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Figure 1-5 Influence of number of crew and payload size on key launch vehicle characteristics.

Through this assessment process, subject matter experts from across the Agency were solicited to provide their
expertise into the relevancy of each of the potential testing venues in mitigating key risks for their system,
subsystem, or technology. The resulting relevancy of the various testing venues is provided in Table 1-3.

For these assessments, the following criteria were used to measure relevancy:

e Preferred Testing Location: Denotes a preferred testing venue. Expected data return considered to be very
relevant. Testing venue adequately represents flight-like conditions, environments, or constraints.

e Most Relevant: Testing venue provides flight-like conditions, environments, or constraints. Although this
venue can serve as a good testing location, the expected difficulty or costs are expected to be higher than a
preferred location.

e Somewhat Relevant: Testing venue can serve only as a moderately good location. Environmental
conditions are expected to be not flight-like or of sufficient to derive adequate testing or operational
performance data.

e Less Relevant: Venue is not considered to be an adequate location for testing that specific subsystem or
system.

Key overall findings from this workshop activity in many respects mirrored the findings from previous similar
assessments.’ Testing of large and subscale integrated systems with humans is an absolute necessity in terms of
preparing for human Mars missions. That is, tests of Mars prototype systems should be conducted in
environmentally similar “flight-like” conditions. In addition, due to the fact that the elements of a typical Mars
mission must be launched separately and assembled in orbit prior to use, testing in space is required to evaluate the
performance of large integrated systems in deep-space conditions. Human exploration of Mars should begin first
with test missions that are short in duration and conducted relatively close to Earth. These near-term human
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missions in near-Earth space are an essential element of revitalizing exploration experience and technical
competence needed for future deep-space missions. Robust robotic missions are a vital element of risk reduction
strategies for future human exploration of Mars, including gathering necessary environmental data as well as
demonstrating sub-scale human relevant mission technologies. Demonstration of applicable advanced technologies
and operational concepts is needed to reduce risk of future technology choices and system designs.

From this assessment, some interesting findings are present regarding the role of various testing venues in reducing
future Mars mission risk.

Ground-Based Testing: Ground-based testing including laboratory and Earth analogs are necessary and cost-
effective elements of a robust test program. These testing venues provide the ability to repeat testing procedures,
isolate key performance and environmental factors, and allow for the easy testing of key technological and
operational options and strategies. Ground testing is relatively benign in terms of both risk and cost. Since the test
“subject”, be that hardware itself or with humans in the loop, doesn’t leave Earth, it is relatively easy to access,
change, and repeat the test protocols. Ground-based test facilities and vacuum chambers can be used to
economically and repeatedly test various operational concepts, technologies, components, and systems in a variety
of simulated environments. This strategy lends itself to a “build a little; test a little” concept that can provide greater
insight to “go/no go” technical decisions. In addition, analog field tests including simulated environments and
terrain, such as high-altitude testing of surface models and landing conditions, can be conducted easily and
repeatedly. Ground-based testing allows both individual component and system-level testing to be conducted for
certification of advanced technologies and systems before use, thus reducing the risk to future human missions.
From an operational perspective, test repeatability of hardware performance, maintenance procedures, and
operational concepts is necessary prior to commitment to long-duration Mars missions. Although ground facilities
serve a vital role in the testing protocols, it was also recognized that limitations of ground facilities would inhibit the
size of integrated vehicles that could be tested. This is an important finding since the size of the integrated Mars
vehicles is expected to be quite large. Thus, it was recognized that space-based testing would be required for those
large-scale integrated Mars systems that cannot be tested on Earth. Examination of Table 1-3 shows that both
ground-based and analog testing venues are very relevant to just about each testing area.

11



Mars Design Reference Architecture 5.0 — Addendum #2

Table 1-3 Potential Venues for Testing Future Mars Systems and Technologies

Testing Venue Description

Ground Based Basic laboratory testing of subsystems and systems in a relevantsimulated
environment or facility. Includescomputer simulation testing. Low to mid-TRL
(1-6) technology testing. Physical testing of integrated components in a relevant
simulated environment. Includes testing of integrated systems and vehiclesto
validate the integrated performance of the “whole” . Low to mid-TRL (1-6)
technology testing.

Earth Analog Tests conducted in remote locations on the Earth that provide similar
environments expected on planetary surfaces. Low to mid-TRL (1-6) technology
testing.

LEO/ ISS Includestesting conducted at the ISS in LEO. Zero-g testing of gravity sensitive

systems. Mid to high-TRL (6-9) technology testing. Includes testing conducted in
LEO, but not at ISS as well as testing conducted in Near-Earth space beyond LEO
such as Earth orbit and entry from near-Earth space. Mid to high-TRL (6-9)
technology testing.

Lunar Surface Mission conducted to the surface of the moon of adequate duration to obtain
critical system performance and operational data necessary for performance
validation. The required number of missions and required duration are system
dependentconsistent with the level of risk mitigation required for that specific
system.

Mars Robotic Small robotic missions are considered similar to today’s mission capability with
constrained surface delivery capabilities and resources. Mid to high-TRL (6-9)
technology testing. Larger robotic missions considered to be of sufficient scale to
adequately demonstrate and validate human scale system performance . Missions
which pre-deploy cargo for future human missions are included in this class. Mid
to high-TRL (6-9) technology testing.

Testing in LEO and near-Earth: For this assessment, LEO and near-Earth can include the ISS, a separate facility
either in Earth orbit or near the Moon, and destinations beyond LEO but not at Mars. As can be seen in Table 1-4, it
was determined that these destinations play an important role in the demonstration and testing of gravity-sensitive
phenomena such as crew physiology, gas/liquid separation, and large-scale structure deployments. Since missions
in this venue are by definition “near-Earth”, they provide the capability to conduct critical applied research and
technology demonstrations leading to safe and effective long-duration human space flight at a close and safe
distance from Earth. This is important when humans are in the test loop and especially when systems and
capabilities are less mature. Conducting missions close to Earth allows for quick and safe return of the crew should
something go wrong with the operational test. These missions in LEO and near-Earth can be used to simulate flight
environments for the transit (zero-g) mission phases. In fact, each ISS crew rotation mission is essentially testing a
flight to Mars from an operational and human physiology perspective. Flight tests in LEO or near-Earth space can
also provide the opportunity to test larger integrated systems than what could be tested in Earth-based facilities, thus
providing critical performance data of both hardware and operational concepts of the larger integrated systems.
Existing platforms, such as the ISS, can provide an ideal venue for long-duration system testing, including crew
interaction with hardware, software, and operational procedures. Extending the testing venue beyond LEO allows
for long-term exposure of systems to the deep-space environment, including radiation and zero-g. Lastly, tests in
LEO and in near-Earth space can be utilized for extended testing that provides better understanding of long-duration
system performance in flight like conditions.

Testing on the Moon: Lunar surface missions may prove useful as long-term “dry run” dress rehearsals, and “what
if” scenarios, for future human Mars missions, especially for surface-related operational concepts and systems.
Missions to the surface of the Moon can also provide the opportunity to test Mars-prototype systems, thus gaining
operational experience on full-scale systems prior to system deployment on a Mars mission. This could include
systems such as habitats, life support, power, mobility, and science systems as well as a plethora of operations tests
and protocols. One key point brought up by workshop participants is that test missions conducted in flight-like
conditions provide the ability to test unknown-unknowns. That is, Earth-based testing is a vital component, but
those tests are only as good as the tests that are designed and conducted. Not all combinations of testing parameters
can be adequately anticipated to simulate actual nominal and contingency flight conditions. In flight, unique
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combinations of system performance in unique environments cannot always be predicted ahead of time in the testing
procedures. The cost as well as the associated risks of test failure increase as testing extends beyond the surface of
the Earth. In addition, when humans are introduced into the testing protocol, the costs associated with the test
increase. Thus, it is important to tie the test objectives with other exploration-related goals, such as scientific
investigations and exploration of non-terrestrial bodies — e.g., global exploration of the Moon. Conducting missions
in near-Earth space, including the surface of the Moon, provides an opportunity to “run out the systems and
procedures” as part of the lunar exploration phase, which could serve as a precursor simulator to the eventual Mars
mission. As the testing venue is extended beyond LEO to cis-lunar distances and beyond, deep-space conditions as
well as high-speed Earth entry or Mars arrival can be simulated and demonstrated.

Testing at Mars via Robotic Missions: Mars robotic missions are key to providing environmental data of Mars (dust
composition, thermal, radiation, terrain, hazards, etc.), which is necessary for proper human systems development.
In addition, Mars robotic missions can be a vital tool for demonstration of subscale systems needed for future human
missions including integrated aeroassist technologies system performance (aerodynamics, aero thermodynamics,
thermal protection, guidance and navigation, supersonic decelerators, precision landing, and hazard avoidance),
ISRU, and ascent flight techniques.

13
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Table 1-4 Testing Venue Relevance to Reducing Future Human Mars Mission Risk

Area Earth Earth 1SS/ Lunar Mars
Lab Analog LEO Surface  Robotic

Human Health and Performance

Long duration zero-g countermeasures ® O ) O O

Long duration hypo-g countermeasures ® O O ° O

Radiation protection ) @) O ® ®

Medical care ) O] ® ® O

Remote isolation / human factors ® ° ® ® (@)
Extra Vehicular Activity

Light weight mobility suit ® ® O ° O

Long duration / maintenance / reliability ) ® O ) @)
Habitation

Closed loop life support [ ® [ ) ® @)

Radiation protection ) @) ® [ ) O

Long duration / maintenance / reliability [ ® ® () @)
Mobility

Long distance and operations ® [ O [ ) ®

Long duration / maintenance / reliability ® ) (@) ) ®
Power

Emplacement ® (] O ® O

Long duration / maintenance / reliability ® @) (@) ® O
In-Situ Resource Utilization

Cryogenic fluid storage ® @) O O ]

Quality (Propellant and ECLSS) ® O O @) ®

Long duration / maintenance / reliability [ ) O O O [ )
Aerocapture/ Entry

Flight profile / trajectory () O () O e

Thermal protection system ] O ] O ®

Structures ] @) ] @) ®
Lander

Hazard avoidance and precision landing ® [ ) O e ®

Long duration / maintenance / reliability () ] O ® ()
Communications ) O O ® ®
AutonomousOperations ® [ O ® (]
Cryogenic Fluid Management () O ® O] O]
Advanced Chemical Propulsion (LO2/CH4) ® O O O] O
Nuclear Thermal Propulsion { @) O O O

Preferred @ MostRelevant @®  SomewhatRelevant ® Less Relevant O
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1.3. International Participation

Primary Contributors:
Kathy Laurini, National Aeronautics and Space Administration, Johnson Space Center

Since 2007, NASA has been a major participant in the International Space Exploration Coordination Group
(ISECG). Through this participation, we have had the opportunity to discuss human space exploration goals,
objectives, and possible mission architectures with a large number of international space agencies. Although the
main focus has been on collaborative approaches to defining architectures for exploration of intermediate
destinations, such as the Moon and near-Earth asteroids, agencies have shared Mars mission conceptual
architectures to understand the big drivers to the current state of the art in technologies and capabilities.

In 2010, senior managers of ISECG participating agencies decided to embark on a multilateral human spaceflight
road mapping effort. The goal was to collaboratively define space exploration mission scenarios that meet common
goals and objective, and can inform near-term decisions within individual space agencies regarding investments in
exploration preparatory activities, such as technology development and robotic precursor missions. Work on the
international roadmap identified that all participating agencies shared the long-term goal of sustainable human
exploration of Mars, including missions to the Mars surface. Agencies also discussed and agreed on the high-
priority technology needs that would contribute to future Mars exploration missions.

The status of ISECG’s exploration road mapping work is reflected in the Global Exploration Roadmap (GER),"
initially released in Sept 2011 and updated in August 2013, available at www.globalspaceexploration.org or on the
NASA website. The international focus remains on advancing toward eventual human exploration of Mars in a way
that delivers benefits to multiple stakeholder groups as each intermediate destination is explored. Asan
international roadmap to Mars, the updated Global Exploration Roadmap follows a path which allows multiple
agencies to be in the position to contribute critical capabilities to a future Mars mission.

The agencies participating in GER development have agreed that it is important that any future Mars exploration
conceptual architecture be consistent with common guiding principles. The agencies have defined the following
principles to inform the roadmap and near-term mission scenarios.

e Mars is the most interesting destination for human missions we can imagine today. It is not the ultimate
destination for human space exploration.

e Human exploration of Mars should be part of a sustainable and international human exploration effort, not
a one-time mission to say we have been there.

e There is much work to be done before risks associated with a human mission can be reduced to an
acceptable level and the required technologies are matured to enable a sustainable approach.

e Future Mars missions have been the driving long-term goal for the capabilities and exploration objectives
associated with intermediate destinations (Moon, deep space/asteroids).

¢ Human missions to Mars must make a meaningful contribution to advancing scientific priorities.

Through the ISECG, agencies have shared conceptual Mars human exploration architectures. This was done in
March 2010 within the ISECG Exploration Roadmap Working Group (ERWG) to identify key technology and
capability needs as well as any operational drivers to near-term mission scenarios.

NASA presented a summary of Mars DRAS. Other agencies shared similar concept studies. Although mission
approaches varied, it was noted that agencies had reached very similar conclusions related to needed technologies
and functional capabilities. It was agreed that a common reference architecture for human missions to Mars was not
needed at this time as the availability of key enhancing technologies as well as the implications of future robotic
mission discoveries would likely have a major influence on specific architectural approaches. So would the number
of partners involved.
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1.4. HEFT and HAT (2010 to present)

In February 2010, the President sent to Congress his proposal for a new vision for NASA via his budget for Fiscal
Year 2011. The proposed 2011 budget reflected a shift in strategy away from that outlined in the Vision for Space
Exploration as reflected in the implementation associated with the Constellation Program. This budget proposal, for
all practical purposes, cancelled elements of the Constellation Program, namely the Orion crew vehicle and Ares-1/V
launch vehicles. The new strategy also outlined a course whereby the next human destination would focus on
missions to a Near-Earth Asteroid (NEA) by 2025, leading to humans to Mars orbit by the mid-2030s.™*

With this announcement, NASA was handed a new challenge for future human exploration. In response, the
Agency conducted a series of internal assessments of future human exploration endeavors. These assessments
included the Human Exploration Framework Team (HEFT)' and the Human Spaceflight Architecture Team
(HAT).®® Although the Agency had performed some limited assessments of the role of human exploration of NEAs
in the past, never before was it presented as “the” next challenge for human exploration beyond LEO.
Consequently, the primary focus of both the HEFT and early HAT activities centered on the implementation options
associated with these new NEA missions. In all cases, Mars continued to remain the “horizon destination” that was
used to guide technology, operations testing, and capability development efforts.
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2. EARTH-MARS TRAJECTORIES

¢

2.1. Trip Time Sensitivities*

Primary Contributors:
Bret G. Drake, National Aeronautics and Space Administration, Johnson Space Center
John D. Baker, Jet Propulsion Laboratory, California Institute of Technology, USA
Stephen J. Hoffman, Ph.D., Science Applications International Corporation, USA
Damon Landau, Ph.D., Jet Propulsion Laboratory, California Institute of Technology, USA
Stephen A. Voels, Ph.D., Science Applications International Corporation, USA

Recent discussions within the exploration community have focused on the prospect of the strategy of conducting a
mission to orbit Mars as a validation test prior to the surface mission.? Emerging from these discussions is the
current National Space Policy that specifically states: “By the mid-2030s, send humans to orbit Mars and return
them safely to Earth.”® These strategies and conclusions are drawn in part from the historical precedence of Apollo
missions where multiple preparatory missions were conducted prior to the first human landing on the Moon. Apollo
8 performed the first human lunar fly-by and Apollo 10 performed the first human orbital mission. Both Apollo 8
and 10 were conducted consistent within the same capabilities and operational profile of the subsequent Apollo 11
landing mission, but that same “orbital testing at the destination before surface landing” philosophy may not hold
true for much longer and demanding missions to Mars. Careful examination of the necessary capabilities and
knowledge required for both orbital and surface missions, focusing on the similarities between the two, must be
conducted to fully understand the potential synergism.

2.1.1. Key Barriers to Exploring Mars

One prime consideration in trajectory choice for potential human exploration of Mars would be the exposure of the
mission crew to the hazards of deep space. This includes the effects of bone loss and muscle atrophy due to the
zero-g transits as well as exposure of the crew to the radiation environment of deep space, predominately solar
proton events and galactic cosmic radiation. To minimize these effects, it is desired to minimize the trip time to the
greatest extent possible.

Unfortunately, reducing the round-trip mission duration increases the propulsive energy (AV) that would be required
by the transportation systems. To reduce the overall mission mass and required number of launches, advanced
propulsion technologies would be desired.

These two needs — (1) reducing the mission duration and (2) minimizing the propulsion technologies needed — and
mission mass are mutually exclusive. The mission designer is thus faced with the issue of trying to find the right
balance between these key drivers. There are other important considerations regarding the operations conducted
once at the destination.* But the issues associated with transporting the crew to Mars and back remain predominant,
and thus understanding strategies to minimize crew exposure to deep space through proper mission design and
proper application of transportation technology is the prime focus of this section.

2.1.2. Mars Design Reference Architecture 5.0

Mars Design Reference Architecture (DRA) 5.0° is the latest in a series of NASA Mars reference missions. It
provides a vision of one potential approach describing how various exploration systems could be used to implement
the first landing on Mars. The strategy and example implementation concepts associated with DRA 5.0 should not
be viewed as constituting a formal plan for the human exploration of Mars, but rather provide a common framework
for future planning of systems concepts, technology development, and operational testing as well as potential Mars
robotic missions, research that is conducted on the International Space Station, and future potential missions to
Near-Earth asteroids or the Moon.
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NASA’s DRA 5.0 was conducted as an agency-wide effort with representatives from the major mission directorates
as well as other key offices. The primary focus of development of this reference architecture was to confirm our
Mars mission knowledge base utilizing previous studies combined with necessary assessments on the key drivers for
potential human exploration of Mars. Emphasis was placed on obtaining a balance among key figures of merit,
namely risk, cost, performance, scientific return, and schedule. The study process required the formulation of a
broad trade tree and performing conceptual design and systems-of-systems studies to strike a proper balance
between the key figures of merit. As data were generated, specific decision packages were brought to agency
leadership for concurrence. The key tenets of the resulting balanced approach from the development of Mars DRA
5.0 are summarized in Table 2-1.

When reviewing the body of work and decisions related to NASA’s Mars DRA 5.0, a subtle but very important,
question must be addressed: “How valid are the key tenets and decisions of DRA 5.0 when applied to the strategy
associated with the 2010 National Space Policy of potential humans to Mars orbit first?” Further examination of
Table 2-1 shows that since orbital missions are conducted entirely in deep space, strategies for minimizing crew risk
from exposure to deep space radiation and zero-g transits should be investigated. Key areas of focus for Mars
orbital missions include reducing overall mission duration (crew exposure risk) and propulsion type (increased
emphasis on advanced propulsion to reduce total mass for short trip times).

2.1.3. Round-Trip Mars Mission Design

Round-trip missions between Earth and Mars are, in effect, a double rendezvous problem. The outbound trajectory
from Earth must be established while considering the position of Mars at the end of this trajectory arc. Upon arrival
at Mars, the Earth would be in a relatively unfavorable alignment (phase angle) for an energy-efficient return. This
unfavorable alignment results in two distinct classes of potential round-trip Mars missions: opposition-class
missions, which are also commonly referred to as short-stay missions, and conjunction-class missions, referred to as
long-stay missions. Practical considerations, such as total propulsive requirements, mission duration, surface
objectives, and human health must be considered in the mission design process when choosing between these
mission classes. Earth departure dates for Mars occur on the order of every 26 months. But, the mission
characteristics such as mission duration, trip times, and propulsive requirements for a specific opportunity vary over
a 15-year cycle due to the eccentricity of Mars’ orbit, typically referred to as the “synodic cycle”.

2.1.3.1. Short-Stay Missions

Short-stay missions get this name because of the short-stay-times (typically 30 to 60 days) at Mars. Round-trip
mission times typically range from 560 to 850 days. This is also referred to as an opposition-class mission. A typical
trajectory profile for a typical short-stay mission is shown in Figure 2-1a. This class of mission has high propulsive
requirements. Short-stay missions usually have one short transit leg, either outbound or inbound, and one long
transit leg, the latter requiring close passage by the sun (0.7 AU or less) when available. After arrival at Mars, rather
than waiting for a near optimum return alignment, a crew would initiate the return after a brief stay. Distinguishing
characteristics of the short-stay mission class are: (1) short-stay at Mars, (2) total mission duration on the order of
560-850 days, (3) perihelion passage inside the orbit of VVenus on the transit to or from Mars, (4) large total energy
(propulsive AV) requirements, and (5) large variation in AV from opportunity to opportunity.

2.1.3.2. Long-Stay Missions

The second Mars mission class is typified by long-duration stay-times (as much as 550 days) at Mars and long
round-trip times, approximately 900 to 1,100 days (see Figure 2-1b). These missions represent the global minimum-
energy solutions for a given launch opportunity. Unlike the short-stay mission approach, instead of departing Mars
on a non-optimal return trajectory, time would be spent at Mars waiting for more optimal alignment between the
planets for lower energy return. Distinguishing characteristics of the long-stay mission class include the following:
(1) long-stays at Mars, (2) long total mission durations, (3) bounding of both transfer arcs by the orbits of Earth and
Mars (closest perihelion passage of 1 AU), and (4) relatively little energy change between opportunities, and (5)
relatively short transits to and from Mars (less than 200 days).
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Table 2-1 Tenets of Mars Design Reference Architecture 5.0 as they Relate to an Orbital-only Mission

Key Tenet / Decision

Mars Design Reference Architecture 5.0 — Addendum #2

Orbital Mission Issue?

Pre-deploycargo

Mars DRA 5.0 Rationale (Surface Mission)

Agency decision. Pre-deploying cargo could reduce mission mass as
well as some risk areas while at the same time enabling unique
mission concepts. Pre-deployed mission must occurat least one
opportunity beforethe crew, as early as 2028.

Address, but minimal
impact expected

First human mission by
2030

Steering Group ground rule to enable the firsthumanmission inthe
early 2030’s. Thiswas only usedfor studyguidance and does not
representa policy position.

National Space Policy states
human mission to Mars
orbit and return by mid-
2030s

Utilize Long-Stay
(Conjunction-class)
missions

Agency decision. Long-stay missions provided the best balance of
performance, missions return, costand risk. These missions also not
only representlowesttotal mass approach, but demonstrate lower
variability across mission opportunities.

Yes. Major issue

Minimize crew exposure
to the deep-space
environment

Long-stay missions enable transits to and from Mars (~180 days),
which are withinour current ISS experience base, while maximizing
time at Mars. Itisbelievedthatthe 3/8-g at Mars would help
ameliorate the effects of zero-g transits, but at this time, it is uncertain
ifit would be sufficient.

Yes. Major issue

In-Situ Resource
Utilization (ISRU)

Agency decision. Utilizing propellants (oxygen) generated fromthe
atmosphere of Mars provided significant architecture leverage. Not
only doesthe use of ISRU reduce total mission mass, but it
significantly reduces the mass and volume of the Mars lander. Unlike
lunar missions, abort toorbit during the entry phase were notseen as
feasible due tothe aerodynamicentry physics at Mars, thus landing
without ascent propellants was viewed as a viable strategy.

Not Applicable

Heavy Lift Launch

Even with theincorporation of many advancedtechnologies across
the architecture, multiple heavy-lift launches are required. The
number of launchesis dependent on thein-space propulsion

Yes. Major issue coupled
with mission duration and
transportation propulsion

technology. DRASS results indicated that surface Mars missions choice
require 7-11launches, 110-140 t per launch to low Earth orbit (LEO),
with launch vehicle shrouds 10 m diameter with 30 m barrel length.
Providing the capability to land 40t of useful cargoto the surface of
Mars was found to be a good balance between lander size and
number of required landers.

Advancesin space propulsionare required, most specifically the
ability to store cryogenic propellants for long durations. Incorporation
of advanced propulsiontechnologies, such as Nuclear Thermal
Propulsion oraerocapture in conjunction with chemical propulsion
could reduce the total mission mass and resulting number of
launches. The degree of advancement in propulsiontechnologies is
highly dependenton the missiontype and the speed of the transits to
and from Mars.

Due to the orbital mechanics, human missions to Mars are longin
duration, with nojust-in-time logistics capabilityand no quickaborts.
System reliability, maintainability, and supportare essential for these
missions.

40 t Payload to Mars
Surface

Not Applicable

Advanced Propulsion Yes. Key strategy for

reducing trip time

System Reliability Orbital missions would
remain long and similar
order of magnitude with

DRAS5.0

2.1.3.3. Round-Trip Trajectory Generation

To resolve the issues related to understanding the relationships between mission duration and propulsive energy
required, generation of an extensive Earth-Mars round-trip trajectory database was required. The Mars trajectory
generation followed a “broad search” philosophy of calculating every trajectory spanning a four-dimensional grid of
Earth launch, Mars arrival, Mars departure, and Earth arrival dates. To save computation time, the trajectories are
modeled as conic arcs (Lambert fits) between the planets (i.e., the patched conic model) with impulsive AV
maneuvers. The potential launch years range from 2020 to 2070 with 10-day search intervals on all encounter dates.
The trajectory AV at arrival or departure are computed by the change in energy required to enter or escape a 10-day
period orbit at an altitude of 400 km at Earth or 250 km at Mars with a 1-day orbit period. In addition to propulsive
capture at the planets, trajectories with a maximum allowable atmospheric entry speed are calculated. The maximum
speed at Mars is 6, 7 or 8 km/s, and the maximum entry at Earth is 11.5, 12, 12.5, or 13 km/s. Deep-space
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maneuvers are also included in the search, where the position and time of the maneuver is varied

MARS
ARRIVAL

MARS
ARRIVAL

MARS
DEPARTURE @

t Y
MARS
| ® \ DEPARTURE
EARTH EARTH
DEPARTURE DEPARTURE

VENUS
SWING-BY

(a) Short-Stay (Opposition) Class Missions (b) Long-Stay (Conjunction) Class Missions

Figure 2-1 Representative mission profiles for the major mission classes for human Mars missions.

using the Nelder-Mead Simplex algorithm to minimize total AV on the Earth-to-Mars and Mars-to-Earth legs. That
is, for each combination of departure and arrival dates in the grid, a maneuver position and time that minimizes the
sum of departure, deep-space maneuver, and arrival AV was found. Opposition-class trajectories typically include
deep-space maneuvers whereas conjunction-class typically does not.

A major driver for the AV of conjunction-class trajectories is the maximum allowable interplanetary transit times.
To determine the sensitivity to this parameter, the maximum time is varied from 60 to 360 days in 20-day
increments and each minimum AV trajectory is saved. The different launch opportunities are distinguished by saving
the locally minimum AV trajectory for each launch year. (If a given launch year does not contain a local minimum,
then no trajectory is saved.) The potential stay time at Mars varies from 400 to 900 days and the total round-trip time
varies from 800 to 1,100 days to find a minimum AV solution for each launch opportunity and maximum transit
time combination.

The short-stay opposition-class AV is driven by a combination of potential Mars stay time and total mission
duration; each combination of stay time from 20 to 100 days in 20-day increments and mission duration from 160 to
920 days in 40-day increments is saved to the database. The interplanetary transit time is allowed to vary from 60 to
760 days to minimize AV. Opposition-class trajectories could also benefit from a gravity assist from Venus; thus,
three additional trajectory options with a Venus flyby on the Earth-Mars leg, Mars-Earth leg, or on both legs were
performed.

A variety of low-thrust trajectories are also computed to examine the mission characteristics of solar electric or
nuclear electric propulsion. Because the calculation of low-thrust trajectories is inherently more computationally
intensive than impulsive transfers, a broad grid search was not employed. Instead, the minimum AV results from the
impulsive mission were used as “seed trajectories” to optimize low-thrust transfers for several different mission
design parameters given in Table 2-2. The trajectories were optimized using the Mission Analysis Low Thrust
Optimization (MALTO) tool.® and the resulting raw data are scaled to match the vehicle masses for a given Mars
architecture.
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Table 2-2 Low-thrust Trajectory Search Space

Parameter VETS

Propulsion type Solar or nuclear electric
Launch 2028-2046 (15-year cycle)

opportunities

Flight time from 360-1,080 days in 40-day
increments with 60-day minimum stay, or stay
time from 370-580 days in 30-day increments
with 1,096 day maximum round trip
Min. AV conjunction-class or opposition-class

Mission design

Initial guess from impulsive trajectory search

Earth departure Lunar-assisted escape or impulsive maneuver

Mars arrival Spiral to Deimos

Mars departure Spiral from Deimos only

Earth arrival Spiral to Earth-Moon L, or13 km/s max entry
speed

Specific Impulse 1800, 3000, or 4000 s

Minimum possible power for a fixed return
Power system mass, or optimized for maximum net mass
design with fixed Earth escape mass

(30 kg/kW for SEP or 20 kg/kW for NEP)

2.1.3.4. Co-Planar Trajectory Results and Trends

The trajectory generation process described in the previous section provided a rich and consistent set of potential
trajectories for each combination of round-trip mission duration, time at Mars, and Earth departure date. From this
database, a further refined set of optimum short-stay trajectories could be found by selection of the optimum mission
strategy, which are characterized by employing Venus swing-by maneuvers either outbound to Mars, inbound from
Mars, both outbound and inbound, or not at all. As described earlier, the Venus swing-by strategy does not apply to
long-stay conjunction missions. Once these further considerations have been applied, the resulting subset of
trajectories represents more optimum solutions that could be used to further understand mission mass behavior for
different propulsion technologies.

An example trajectory solution set of Pareto front trajectories for the Earth departure year of 2033 is provided in
Figure 2-2. This figure demonstrates the behavior of total potential round-trip mission AV (co-planar missions from
Earth orbit to Mars orbit and return with direct entry at Earth) for both long-stay and short-stay missions. The right
most of the curves shows the variation in long-stay mission AV as the transit time to and from Mars is reduced.
Since the long-stay conjunction-class missions are characterized by adjusting the time spent at Mars to ensure
optimum phasing between the planets, and thus lower total AV, these missions would remain long even if the transit
times were reduced. Although the time spent getting to and from Mars could be reduced quite a bit for the long-stay
conjunction missions (typically on the order of 180 days), the total mission duration would remain roughly 900 days.

The left-side curves of Figure 2-2 shows the variation in AV for the short-stay opposition-class missions with
various combinations of both stay time at Mars and total mission duration. As can be seen from this figure, the
optimum trajectory solution varies as total mission duration would be shortened, as depicted by whether a VVenus
swing-by was utilized. Some interesting characteristics of the potential short-stay missions could be determined
from further examination of this figure, including the following:

e There is a marked increase in total AV as the trip time is reduced

e  The sensitivity to stay time is greater as the round-trip time is reduced. That is, more AV is required as
both the trip time is shortened and stay time is increased.

e Although the total AV decreases with longer mission durations, the total AV remains higher than the long-
stay mission class. This is due to the fact that unlike the conjunction (long-stay) missions, the time at Mars
is forced to be less than an optimum for short-stay missions.
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Figure 2-2 Example round-trip AV as a function of total mission duration.

Because of the difference in orbits of the Earth and Mars (predominately distance, eccentricity, and inclination), the
magnitude of AV for the trajectories would vary for each Earth departure date. Mission opportunities occur
approximately every 2.1 years in a cycle that repeats every 15 years. The potential trajectories from one 15-year
cycle to the next do not match exactly, but are very similar and sufficient for initial planning purposes. Figure 2-3
demonstrates the variability of AV for both the short-stay (60 days at Mars, chosen for illustrative purpose) as well
as the long-stay (transit times varying from 60-200 days one way) for Earth departure opportunities 2028 to 2045,
which is a little more than one 15 cycle. When comparing the variability of AV for both the short-stay and long-stay
missions, Figure 2-3 demonstrates that the long-stay missions show far less variability in magnitude of total AV (for
the same trip time constraints) across a 15-year period as compared to the short-stay opposition-class missions. This
variability from one opportunity to the next is an important consideration that would be discussed in further detail
later.

2.1.4. Exploration Strategies for the Moons of Mars and the Surface

Human exploration of Mars has been a long-standing goal of human spaceflight and the subject of a great number of
proposed approaches for accomplishing this goal. Two classes of Mars exploration missions are being carried as
leading strategies for potential exploration of Mars: missions where a crew remains in orbit focused on
understanding the two Martian moons or teleoperating robotic devices on the surface of Mars, and missions where a
crew lands on Mars for direct exploration of the surface.
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Figure 2-3 Variation in mission co-planar AV across a 15-year cycle.

2.1.4.1. Mars Orbital Missions

Because there are two distinct trajectory types for a round-trip mission to Mars, there are also two distinct
approaches for potentially conducting exploration missions while in Mars orbit. In both cases, the crew spends the
entire mission in the deep-space environment and, likely, in a zero-gravity condition. Thus, in one respect there is an
incentive to construct these missions to reduce crew exposure by flying the trajectories as fast as possible (i.e., short-
stay class trajectories) within the capabilities of the propulsion technologies and number of heavy lift launches. On
the other hand, using the longer-duration trajectories (i.e., the long-stay class) would reduce the number of launches
(for a fixed payload mass) but at the expense of increasing a crew’s exposure to the deep-space zero-gravity and
radiation environment. To reduce zero-gravity effects, the suggestion has been made to fly in an artificial-gravity
(i.e., spinning) mode if possible (although there is as yet no conclusive evidence that artificial-gravity completely
mitigates zero-gravity effects or does not introduce other deleterious effects on a crew). These factors are still being
discussed and evaluated and, as a consequence, two different approaches to Mars continue to be studied.

The first approach for potential Mars orbital exploration uses the short-stay class of trajectories to minimize the total
duration of the mission and thus a crew’s exposure to the deep-space and zero-gravity environment. The short-stay
trajectory class limits the time spent in orbit around Mars.* The concept calls for a large interplanetary spacecraft to
transport a crew to and from Mars. The spacecraft would be placed into a high Mars orbit (assumed to be a one-sol
elliptical parking orbit for high-thrust propulsion concepts or a high circular orbit essentially at the altitude of

4 Since the requirements for short-stay missions have not been finalized, analysis associated with this class of missions assumes stay times of
60 days. Further assessments are required to confirm the stay time.
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Deimos for low-thrust technologies). Upon arrival, a crew vehicle would rendezvous with cargo placed in this
parking orbit on a previous transfer opportunity. Half of the crew would use a Space Exploration Vehicle (SEV) and
one of three chemical orbit transfer stages (OTS) to transfer from this parking orbit to the vicinity of Deimos and
spends the next 2 weeks exploring this moon. After returning from this Deimos mission, the other two crew
members would use a second SEV and OTS to transfer from the parking orbit to the vicinity of Phobos and spend
the next 2 weeks exploring the other Martian moon. A third OTS would be available to rescue either crew should
they become stranded at either Phobos or Deimos. Crew time not used to explore Phobos or Deimos would be
available to potentially retrieve samples from a separate robotic sample return mission or perhaps teleoperate robotic
systems on the surface of Mars when a communication path is available. At the end of the 60-day stay, all SEV and
OTS assets would be jettisoned, and the large interplanetary spacecraft would depart from its parking orbit for the
return trip to Earth.

The second approach for potential Mars orbital exploration uses the long-stay class of trajectories to maximize the
amount of time available for exploring the Martian moons and any teleoperation of robots on the Martian surface.
An interplanetary spacecraft used to transport a crew to and from Mars would be captured into a temporary parking
orbit and then transferred into orbit in the vicinity of Deimos, allowing the crew to spend an extended period of time
(as necessary) exploring this moon, using one of two SEVs (the second SEV would be available for rescuing the
first). The interplanetary vehicle would then transfer to a parking orbit in the vicinity of Phobos, where the crew
would spend an extended period of time (as necessary) exploring this moon. The long-stay class of orbits would
allow a crew to spend approximately 500 days exploring these two moons or teleoperating robots on the surface of
Mars when a communication path is available.

2.1.4.2. Mars Surface Missions

For the surface long-stay mission class, the NASA Design Reference Architecture 5.0 (Drake, 2009) was utilized as
the basis for the analysis in this paper. For this mission, a crew would be sent to Mars on a long-stay class trajectory.
On arrival, the crew would place their large interplanetary vehicle into a high-Mars parking orbit to rendezvous with
one of two cargo vehicles sent to Mars on the prior orbit transfer opportunity. The second cargo vehicle would have
already landed at the intended surface exploration location, where automated systems would have set up a power
plant and a propellant manufacturing plant. When all necessary systems have been verified operational and landing
conditions determined to be satisfactory, the crew would initiate the landing sequence. Due to the seasonal
atmospheric conditions on Mars, winds could generate dust storms that could be local, regional or even global in
scale. The existence of a dust storm at the landing location could inhibit the crew from performing the landing.
Once the crew landed at this site, they would spend approximately 500 days exploring the vicinity in a series of long
traverses (several 100 km) extending from this fixed central base — an approach dubbed the “commuter” strategy. At
the completion of this surface mission, the crew would ascend from their surface base, using propellants
manufactured there, and return to the waiting interplanetary vehicle. At the appropriate time the crew would depart
from Mars for a 6-month transfer back to Earth.

For the short-stay surface missions, the crew would be sent to Mars on high-energy transfers with an assumed time
available at Mars of 60 days. On arrival, the crew places their large interplanetary vehicle into a high-Mars parking
orbit to rendezvous with a pre-deployed lander sent to Mars on the prior orbit transfer opportunity.> Once the crew
lands, they would have less than 60 days for actual exploration since time must be reserved for operations required
upon arrival in Mars orbit and prior to departure. But perhaps more important, unless advanced human health
strategies are provided, such as artificial-gravity by spinning 