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On January 14th, the President announced a Vision for Space Exploration. In his address, the President
presented a vision that is bold and forward-thinking, yet practical and responsible — one that explores
answers to longstanding questions of importance to science and society and will develop revolutionary
technologies and capabilities for the future, while maintaining good stewardship of taxpayer dollars.

The material contained herein is intended as one step in developing a broader understanding as to what
is required for human space exploration beyond low-Earth orbit. A multi-center NASA team led by the
Lyndon B. Johnson Center during the spring and summer of 2004 conducted analyses contained in this
report. Included are analyses of requirements definition, exploration architectures, system development,
technology roadmaps, and risk assessments for advancing the Vision for Space Exploration. The analy-
sis contained herein is intended to provide an understanding as to what is required for human space ex-
ploration beyond low-Earth orbit. In addition, these analyses help identify system “drivers”, or significant
sources of cost, performance, risk, and schedule variation along with areas needing technology develop-
ment. These analyses were conducted as part of an integrated analysis plan and are merely a snapshot
of analysis to date. In such, any recommendations, results, and conclusions gained from this report are
not conclusive in themselves and must be coordinated with other analyses being performed.

Vii
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1.0 Introduction

The Lunar Design Reference Mission 2 (LDRM-2) study was initiated by NASA Code T, later
renamed the Exploration Systems Mission Directorate, in April of 2004 to perform a series of
focused lunar mission trade studies intended to provide a better understanding of the relative
benefits of differing mission approaches, as well as to determine mission sensitivities to key sys-
tem design parameters.

The intent of the planned lunar missions is to support a wide range of scientific investigations,
technology and systems development, and integrated testing to reduce the risks of future human
exploration of Mars. Three LDRM studies were originaly outlined to bracket a range of poten-
tial lunar mission scenarios and associated flight element functionality. LDRM-1 consists of a
seven-day surface stay in the equatorial region of the moon. LDRM-2 is also based on a seven-
day lunar surface stay, but includes global lunar access with the capability to initiate an Earth
return at any time. LDRM-3 provides the capability for a long-duration lunar surface stay in the
range of thirty to ninety days with multiple missions to a single polar landing site outfitted with
additional surface elements.

The LDRM-2 exploration objectives and requirements were selected as the starting point for the
lunar architecture study. The Phase 1 deliverables from the LDRM-2 study document the results
of the architecture analyses associated with short duration lunar missions with global access ca-
pability. The LDRM-2 study was subsequently expanded with a Phase 2 effort focused on the
LDRM-3 exploration objectives. The LDRM-2 Phase 2 deliverables document the results of the
architecture analyses associated with long duration lunar missions with a restricted range of sur-
face access.

The results of the LDRM studies will support the development of Level 1 requirements for the
Crew Exploration Vehicle (CEV) by quantifying the sensitivities of flight elements to key sys-
tem design parameters and subsystem technol ogies in the context of an end-to-end lunar mission.
The definition and sizing of a complete lunar mission also provides valuable insight into the
launch vehicle characteristics and infrastructure that are needed to support the delivery of flight
elementsto low Earth orbit (LEO).
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2.0 Study Scope
21 LDRM-2Background

There are three basic architectures for executing a human lunar exploration mission - direct re-
turn (also referred to as lunar surface rendezvous or LSR), libration point rendezvous (LPR) and
lunar orbit rendezvous (LOR) - defined by the method that is employed to return the crew to the
Earth after the conclusion of lunar surface operations. Due to orbital mechanics considerations,
each of these architectures offers distinct advantages and disadvantages with respect to a given
set of mission objectives and requirements. The purpose of the LDRM-2 task is to provide fo-
cused “down-and-in” assessments of specific lunar exploration mission designs. The LDRM-2
study results are intended to complement the data from parallel NASA exploration studies. Some
of these studies are focused on the launch and lunar surface system segments required for alunar
exploration mission. Others are targeted to a broad, higher-level assessment of lunar architecture
alternatives including advanced subsystem technologies.

The LDRM-2 study evolved into two separate phases, each focused on a specific lunar explora-
tion architecture. The Phase 1 mission leverages the cislunar Earth-moon libration point known
as“L1” asan orbital staging point to enable global lunar access with anytime return capability to
Earth. The Phase 2 mission is based on a variant of the lunar orbit rendezvous approach em-
ployed successfully during the Apollo Program. Unlike Apollo, however, the Phase 2 mission is
targeted to long duration, near-polar lunar surface missions. The Phase 1 and Phase 2 results are
documented in separate volumes of the LDRM-2 Final Report.

Element mass is a primary driver for the Earth-to-orbit launch vehicles and is often also used as
the basis for cost estimation. Therefore, the flight element mass estimates developed using the
Envision parametric sizing tool are key products of the LDRM-2 study. Element sizing is based
upon a top-level nominal mission timeline, functional requirements, critical spacecraft dimen-
sions, mission environments and subsystem component and propellant selections. A common set
of mission environments and subsystem technology options, which were identified early in the
execution of the LDRM-2 Phase 1 task, were applied to the sizing for both the Phase 1 and Phase
2 missions. The associated technology and environment reports provided in Section 20.0 were
also submitted to the NASA Headquarters Exploration Systems Mission Directorate to support
the development of an overall exploration technology development and testing plan.

Independent studies of launch vehicle capabilities and lunar surface infrastructure are being pur-
sued in paralel to the LDRM-2 task. Initially the flight elements designed in the LDRM-2 study
may not fit within the payload mass and volume envelopes deemed feasible for the next genera-
tion of launch vehicles. Similarly, the cargo delivery capability of the LDRM-2 flight elements
has not yet been linked with the infrastructure requirements currently being defined for long du-
ration lunar surface missions. In subsequent design cycles, however, the requirements and con-
straints associated with the ground, flight and lunar surface segments will be blended to establish
comprehensive and integrated lunar mission architectures.
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2.2 Phase1 Mission Definition

The LDRM-2 Phase 1 mission leverages the cislunar Earth-moon libration point known as “L1”
as an orbital staging point to enable global lunar access with anytime return capability to Earth.
As shown in Figure 2.2-1, L1 is one of five points of balance between the gravitational fields of
the Earth and Moon. The L1 rendezvous approach takes advantage of the fixed orbital relation-
ships of the Earth, Moon and the L1 libration point to provide global lunar access with the ability
to initiate a return to Earth from the lunar surface viathe L1 point at any time. The same orbital
mechanics considerations facilitate element phasing and rendezvous at the libration points, mak-
ing it feasible and practical to pre-deploy a lander or other assets to the L1 libration point. Pre-
deployment of flight assets in a multi-launch Earth-to-orbit strategy minimizes the required

number of unique element mating interfaces and also reduces the duration of flight element ex-
posure to low Earth orbit debris.

Figure2.2-1: Earth-Moon Libration Points
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Libration points other than L1 have been considered for human lunar exploration missions. But
L1 offersthe best overall combination of performance (AV) and transit time. A spacecraft parked
at an Earth-Moon libration point is subject to small, destabilizing gravitational influences from
other bodies, most notably solar perturbations. Elements loitering at L1 must perform occasional,
small station-keeping maneuvers to maintain orbital position.

2.3 Phase1 Study Approach

The LDRM-2 Phase 1 study was defined in the context of a “trade reference mission” or TRM
which later became known asthe “L1 TRM” to distinguish it from its Phase 2 polar LOR coun-
terpart. As shown in Figure 2.3-1, the primary inputs to the Phase 1 study are the customer re-
guirements (task statement assumptions), design environments and sel ected subsystem technol o-
gies. In order to provide a more complete understanding of the L1 TRM sensitivities, the refer-
ence mission is supplemented with a number of incremental architectural and parametric varia-
tions. With the exception of the Phase 1 LOR case, only one primary design variable is modified
for each of the mission variants.

— Requirements
Mass Estimation Benchmark Trade Reference

“Pseudo-Apollo” Mission

Design Environments

Subsystem Technologies

Architectural Variations
e 2-launch solution

Parametric Variations
» Alternate propellants.

* 3-launch solution « Alternate power sources.

« 25mt launch constraint » Variation in return payload
* Initial CEV/lander mating in LEO

» Single pass aerocapture, deorbit phasing,
and capability of land landing

« Variation of delivered payload to the lunar surface
» All versus partial crew to the lunar surface
Reduce crew size to 2
Increase crew size to 6
Change in time between launches (7 to 30 days)

Reduce lunar surface stay time to 3 days

Architectural Variation « Increase lunar surface stay time to 14 days
* Lunar Orbit Rendezvous of CEV/lander + Effects of elimination of CEV contingency EVA
requirement

Mass effect of supplemental radiation shielding

Figure 2.3-1: LDRM-2 Phase 1 Study Approach

The Phase 1 LOR architectural variant represents a significant departure from the L1 TRM in
terms of orbital mechanics. Whileit isrelatively straightforward to depart from LEO, rendezvous
with a pre-deployed element at L1 and access a desired landing site on the lunar surface, the
same operation is potentially much more complicated for a lunar orbit rendezvous architecture.
The Phase 1 LOR approach uses an optimized parking orbit that is aligned with the nominal de-

4
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scent and ascent points on the lunar surface to minimize plane change requirements. If the LOR
mission is not executed on schedule then the orientation of the parking orbit of the pre-deployed
element may not be optimal for either the Earth orbit departure and lunar orbit rendezvous, or the
descent to the lunar landing site. Therefore, the Phase 1 LOR variant employs a tandem Earth
orbit departure in which the CEV, lander and other propulsive stages rendezvous in LEO and
depart for the Moon as an integrated stack. Except for the use of multiple launches to deliver the
flight elements to LEOQ, this is very similar to the Earth orbit departure approach that was em-
ployed during the Apollo Program.

The primary objective of the Envision mass estimation software is to provide relative sizing re-
sults to assist in the identification of promising design aternatives. In order to provide confi-
dence in the general magnitude of the mass results, a “Pseudo-Apollo” sizing benchmark was
developed during the Phase 1 study. Additional information on the Envision sizing tool and the
Pseudo-Apollo benchmark is provided in Section 6.0.

24 Figuresof Merit

Figure of Merit (FOM) categories and subcategories were defined by the NASA Exploration
Systems Mission Directorate to support a methodical comparison of lunar architecture options.
Where possible, the LDRM-2 |unar architectures were quantitatively or qualitatively evaluated
using the FOM categories defined in the LDRM-2 task statement (see section 4.3 for additional
information):

e Safety and Reliability

e Effectiveness and Evolvability

e Development Risk and Schedule
o Affordability

The LDRM-2 study provides severa types of numerical data to support relative comparisons of
lunar mission architectures. Element and total architecture masses are traditional figures of merit
used to estimate program development and recurring costs. Elements masses are also used to
define launch vehicle requirements in terms of payload capacity and the required number of
launches, both of which are likely to be significant cost drivers. In addition, the number and type
of flight elements in combination with the launch vehicle size and launch frequency are key fac-
torsin determining ground infrastructure reguirements.

Operational considerations, particularly those that affect crew safety, are also of critical impor-
tance in assessing the relative merits of lunar architectures. Critical events lists were devel oped
for the L1 TRM and each of the architectural variants to provide a basis for evaluating safety and
mission risks. Operational concepts and mission timelines were also developed to quantify the
number of element interfaces and propul sive maneuvers as well as the mission durations for crew
and flight elements, both total and by mission phase. Consideration was also given to functional
redundancy and Earth return capability for off-nominal situations involving major systems fail-
ures. However, additional time and resources will be required to perform detailed abort assess-
ments.



Exploration Systems Mission Directorate
Title: Lunar Architecture Focused Document No.: ESMD-RQ-0005 Baseline
Trade Study Final Report Effective Date: 22 October 2004 Page 6

2.5 Apollo Program Background

The total AV required for a lunar mission from Earth departure through Earth return, including
the lunar descent and ascent maneuvers, is roughly 9 to 10 km/s (29,500 to 32,800 ft/s). That
total is comparable to the AV required for launching payloads from the surface of the Earth to
low Earth orbit. In contrast, typical crewed LEO missions require only about 0.35 km/s (1,150
ft/s) of on-orbit AV for rendezvous and deorbit — less than 4% of the lunar mission value. As a
result, the combined mass of the flight elements delivered to low Earth orbit for a chemical pro-
pulsion lunar mission is typically well in excess of 100t (220 Klb), and can easily exceed 200t
(441 Klb) for a robust set of mission requirements. The Apollo lunar stack, which is often used
as abasis of comparison for lunar exploration studies, had an IMLEO equivalent of roughly 138t
(304 Klb). Severa different lunar mission architectures were debated at length in the early years
of the Apollo Program. The ability to package a complete lunar mission in a single launch of a
Saturn V-class vehicle was a critical factor in favor of the lunar orbit rendezvous approach.

The Apollo Program employed single-launch LOR missions to provide access to near-equatorial
lunar landing sites for periods up to 3 days. The Lunar Module (LM) transported two astronauts
between low lunar orbit (LLO) and the lunar surface and supported crew activities during the
surface mission. The Command Service Module (CSM) covered a range of functions throughout
the mission from launch through re-entry and landing. The Service Module (SM) provided main
propulsion for the lunar orbit insertion of the mated CSM/LM configuration and the lunar orbit
departure of the CSM, and also provided power and life support consumables to the Command
Module (CM). The primary responsibilities of the Command Module included crew accommoda-
tions and flight avionics functions including guidance, navigation and control, data management
and communications. The Command Module aso included the thermal protection and parachutes
required to safely recover the three astronauts at Earth. The same basic functionality must be
provided for any lunar exploration mission.

In the context of the LDRM-2 study, the flight element most similar to the Apollo LM is referred
to simply as the “lander” while the closest analog to the Apollo CSM s referred to as the Crew
Exploration Vehicle (CEV). The relative similarity of the LDRM-2 elements to the Apollo
spacecraft in terms of size and function is dependent upon the selected mission approach and the
allocation of functions among the flight elements. For instance, an L1 rendezvous mission places
greater functional responsibility on the lander element for both propulsion and crew accommoda-
tions than does an LOR mission. A direct return mission, in contrast, essentially blends the func-
tions of the LM and CSM (or lander and CEV) into a single spacecraft.
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3.0 Executive Summary

Although the LDRM-2 Phase 1 study focuses on L1 rendezvous, the Phase 1 architectural vari-
ants provide valuable insight into the lunar orbit rendezvous and direct return alternatives for
human lunar exploration. The L1 rendezvous approach offers a mixture of the characteristics of
the lunar orbit rendezvous and direct return architectures. In terms of basic orbital mechanics, L1
rendezvous can be viewed as a special case of lunar orbit rendezvous in which the L1 libration
point represents a very high lunar orbit with unique properties. In terms of inherent mission
flexibility for lunar landing site access and Earth return opportunities, L1 rendezvous resembles
direct return, but with an interim L1 return target rather than Earth. In terms of initial mass in
low Earth orbit, L1 rendezvous falls between lunar orbit rendezvous at the low end and direct
return at the high end. Each of the three lunar architectures is capable of supporting a robust lu-
nar exploration program, but each also involves a unique set of strengths and weaknesses that
must be considered in the context of the mission objectives and requirements.

The fundamental characteristics of the three lunar architectures are dictated by the orbital me-
chanics of the Earth-Moon system. The key considerations in the architecture selection process
are the exploration mission objectives and the Earth-to-orbit launch strategy. Exploration objec-
tives involving global lunar access and extended mission durations with anytime Earth return
mesh well with the L1 rendezvous and direct return architectures. Constraints on launch mass
will tend to favor an optimized lunar orbit rendezvous approach, as will constraints on the re-
quired range of access and/or duration of lunar surface missions. A long-term mission plan that
involves rendezvous with space-based assets works well with an L1 rendezvous approach. Archi-
tecture selection criteria emphasizing mission flexibility and the ability to deliver greater cargo
mass to the lunar surface during a cargo mission over lower initial mass in low Earth orbit will
tend to favor direct return.

3.1 Lunar Surface Accessand Earth Return Capability

The L1 rendezvous and direct return architectures inherently provide a wide range of mission
flexibility in terms of landing site access and surface stay times for along-term lunar exploration
program. Both of these architectures support short duration expeditions targeting sites of scien-
tific interest as well as longer duration missions utilizing emplaced surface assets anywhere on
the lunar surface. Both architectures also inherently offer the capability to initiate a return to
Earth at any time during the lunar surface stay. The direct return architecture provides anytime
Earth return by eliminating the inbound rendezvous in favor of optimized lunar ascent and depar-
ture maneuvers. As a result, however, the direct return architecture incurs the mass penalty of
transporting the propellant required for Earth return (AV ~850 m/s) to the lunar surface and back
to lunar orbit. The L1 rendezvous approach takes advantage of the fixed orbital relationships of
the Earth, Moon and L 1 to provide the capability for anytime Earth return from the lunar surface.
However, the lander ascent stage must provide the additional propulsion needed for the lunar
orbit departure (AV~600 m/s) and L1 arrival (AV~250 m/s) maneuvers. In addition, the L1 ren-
dezvous approach adds approximately 2.5 days to the one-way transit time between the Earth
and the Moon.
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By including substantial plane change capability on the CEV and the lander elements, the lunar
orbit rendezvous architecture can provide the same mission flexibility in terms of global lunar
access and variable mission duration with anytime Earth return. However, the Phase 1 mass trend
lines indicate that the total mass of the lunar orbit rendezvous architecture will be roughly com-
parable to the mass of the L1 rendezvous approach when sized for maximum mission flexibility.
The primary advantage of the lunar orbit rendezvous architecture is that it can be tailored to en-
velope adesired subset of mission capabilities by optimizing the characteristics of the lunar park-
ing orbit and the plane change capabilities of the CEV and lander. Significant flight element size
and mass reductions can be realized by constraining the range of landing sites, surface mission
durations or off-nominal Earth return opportunities, and optimizing the flight elements for the
performance variations over the range of planned missions. Similarly, the capability to initiate a
return to Earth at any time during the lunar surface stay is an optional capability for the lunar
orbit rendezvous architecture. In general, nominal and off-nominal Earth return opportunities for
lunar orbit rendezvous missions are obtained via plane change capability, loiter capability, or a
combination of the two. Anytime return to Earth from the lunar surface requires sufficient plane
change capability in the CEV and lander to handle a worst-case aignment of the landing site
with the CEV parking orbit as well as a worst-case alignment of the CEV parking orbit with the
Earth return departure vector.

3.2 Initial Massin Low Earth Orhbit

The primary disadvantage of the L1 rendezvous and direct return architectures is a high initial
mass in low Earth orbit (IMLEO) relative to a constrained and optimized lunar orbit rendezvous
approach. Although the direct return architecture requires the lowest total mission AV, the bur-
den of transporting the Earth return propellant to the lunar surface results in the highest architec-
ture IMLEO. The L1 rendezvous architecture is more mass efficient than the direct return ap-
proach because its Earth return propellant is not carried to the lunar surface. However, the addi-
tional AV associated with L1 arrival and departure maneuvers still results in a relatively high
architecture IMLEO (Phase 1 estimate of 230t). The direct return and the L1 rendezvous archi-
tectures are functional “package deals’ providing maximum mission flexibility — global lunar
access with extended mission durations and anytime Earth return capability — at the expense of
higher architecture IMLEO and massive lander elements.

Despite the Phase 1 mission requirements for global lunar access with anytime Earth return ca-
pability, it is possible to provide alower mass solution using the lunar orbit rendezvous architec-
ture by taking advantage of the limited duration of the lunar surface mission. Based on the pro-
pulsive efficiencies of the Phase 1 flight elements, the lowest mass solution uses an optimized
lunar parking orbit that minimizes the lunar descent and ascent plane change required for any-
time Earth return over the seven-day surface stay. Using this approach, a lunar orbit rendezvous
mission satisfying the Phase 1 mission requirements resulted in an IMLEO estimate of 199t in
comparison to the L1 rendezvous value of 230t — a reduction of 31t (13.5%).

The LDRM-2 Phase 1 study results demonstrate that the goal of optimizing architecture IMLEO
is not necessarily achieved by minimizing total mission AV. The distribution of AV among the
flight elements is also of critical importance because of the flow down of mass from flight ele-
ment to flight element via the rocket equation. In general, the lowest mass solution will be
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achieved by biasing the AV distribution from the lander ascent and descent stages towards the
CEV and Earth Departure Stages. This is especially true when the EDS employs high-
performance cryogenic propellants.

3.3 Définition of Flight Elements

The propellant selection, number of flight elements and allocation of major maneuvers among
flight elements are key design variables that can have major mass and complexity impacts within
agiven lunar architecture.

Early in the Phase 1 study the decision was made to baseline the use of pressure-fed liquid meth-
ane and oxygen for the CEV and lander and a higher performance combination of liquid hydro-
gen and oxygen for the Earth Departure Stages. The choice of pressure-fed liquid methane and
oxygen for the CEV and lander is supported by its simplicity, reliability, moderately high Isp and
energy-density, storability in the space environment and compatibility with potential in-situ re-
source development, particularly at Mars. In addition, lander operational considerations such as
landing stability, ascent stage height for crew egress/ingress and launch packaging constraints,
favor the more compact lander design offered by an oxygen/methane propulsion system. It is
possible to reduce the mass of the lander descent stage through the use of liquid hydrogen and
oxygen propellants, athough the magnitude of the benefit depends on the ascent stage mass
(payload) and the magnitude of the descent stage AV. Reductionsin IMLEO of 11% or more are
possible for the direct return architecture, for example, when the lunar orbit arrival maneuver is
allocated to the lander descent stage. However, the lander mass benefit must be considered in
light of the greater complexity of the pump-fed engines and the large increase in tank volume
associated with the storage of liquid hydrogen. In the case of the Earth Departure Stage and the
Kick Stage used in the L1 trade reference mission (TRM), the higher performance of the pump-
fed liquid hydrogen and oxygen propulsion system was the primary consideration.

Variations in the allocation of major propulsive maneuvers (AV) and the propellant selection
(Isp) among flight elements will significantly affect total architecture mass and mass distribution.
In addition, the maneuver alocation affects element functiona requirements including opera-
tional environments, design lifetime and number of planned engine restarts. The optima number
of propulsive stages is driven by a range of considerations including total mission AV, launch
vehicle payload constraints, number of launches, number of dynamic element interfaces and
complexity of on-orbit assembly. A lunar mission naturally splits into three to five propulsive
stages depending upon the selected mission architecture and associated launch constraints — a
CEV, one or two lander stages and one or two Earth Departure Stages. Given the total lunar mis-
sion AV of roughly 9,000 to 10,000 m/s, the mass benefits of additional propulsive stages are
generally modest because the staging efficiency is partialy offset by an increase in dry mass. In
the case of the L1 TRM, however, a sixth “Kick Stage” using liquid hydrogen and oxygen pro-
pellants was added to the lander and assigned the outbound L1 arrival, L1 departure and lunar
orbit arrival maneuvers totaling approximately 1,800 m/s. The transfer of approximately one-
fifth of the total mission AV to the Kick Stage reduced the mass of the lander descent stage by
41%. The increase in the number of propulsive stages in combination with the higher Isp of the
Kick Stage relative to the lander descent stage resulted in an overall IMLEO reduction of nearly
7% for the L1 TRM.
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3.4 L aunch Vehicle Considerations

The size and mass of the flight elements directly impact the design and cost of the launch system
in terms of maximum payload mass, maximum payload volume/dimensions and number of
launches required per lunar mission. Depending upon the selected mission architecture and asso-
ciated mission requirements, the flight elements may not divide cleanly into an arbitrary number
of launches, resulting in a more expensive launch vehicle with both a large payload fairing and a
high payload mass capability. A requirement to divide flight element launches between dedicated
cargo and human-rated launch vehicles adds another constraint to the design of the flight ele-
ments.

A multi-launch mission strategy using low Earth orbit assembly of flight elements can be em-
ployed to reduce the maximum required payload capacity of the launch vehicle. In contrast to the
daily mission opportunities afforded by a single-launch approach, however, an Earth orbit depar-
ture opportunity for L1 or the Moon only occurs roughly every eight to twelve days from an es-
tablished low Earth orbit. Therefore, a lunar mission architecture using low Earth orbit assembly
of flight elements may be more sensitive to launch delays or other schedule impacts.

The simplest launch vehicle packaging approach is to split the elements functionally, and then
subdivide the larger elements, as required, to meet the launch vehicle payload constraints. Using
this approach, the element breakdown for the four-launch L1 trade reference mission includes a
CEV, lander and two Earth Departure Stages. The Earth Departure Stages are unequally split in
terms of mass to support pre-deployment of the lander element to L1. The lander EDS (94t) is
the payload mass driver for the cargo launch vehicle while the lander (70t including the Kick
Stage) is the likely driver for the payload fairing dimensions. At approximately 27t, the CEV is
towards the upper range of payload capability for current generation expendable launch vehicles
and is the design driver for the human-rated launch vehicle.

Different groupings of the L1 TRM flight elements were examined to support two-launch, three-
launch and payload-limited (25t) launch scenarios. From a crew standpoint, the two-launch and
three-launch approaches result in the elimination of CEV rendezvous operations with the EDS in
LEO and a reduction in on-orbit mission duration by roughly four days. The grouping of the
CEV and its EDS into a single human-rated vehicle launch of 57t plus a launch escape system
also offers the capability for a daily CEV Earth orbit departure opportunity for a split-mission
Earth orbit departure. The three-launch scenario has no material impact on the required payload
capacity for the cargo launch vehicle relative to the four-launch case. In contrast, the two-launch
scenario requires a cargo launch capacity of 159t, but provides only modest operational advan-
tages relative to the three-launch case. The use of a launcher limited to a payload of 25t resultsin
ten launches for the L1 TRM, seven for the lander mission and three for the CEV mission. The
lander EDS is divided into four separate launches in order to fit on the 25t launcher, and the lan-
der descent, ascent and kick stages must be launched separately. The three launches for the CEV
mission consist of two EDS elements and the CEV. The operational issues associated with de-
signing, launching and assembling a large number of elements for a single lunar mission are sig-
nificant. In addition, the 25t launch vehicle approach increases the complexity of the mission
planning associated with the disposal of spent propulsive stages. Because the mgority of the
Earth-to-orbit launch mass is in the form of propellant, the option of using on-orbit fueling
should be considered for payload-limited launch vehicle strategies.

10
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The four-launch strategy for the lunar orbit rendezvous approach is essentially the same as de-
scribed for the L1 trade reference mission. However, the tandem Earth orbit departure employed
for the LOR variant enables an equal-mass split of the Earth Departure Stages (71t each), thus
significantly reducing the maximum launch vehicle payload requirement. Because the lander is
operating from a low lunar orbit, its mass (33t) and dimensions are also substantially less than
estimated for an L1 rendezvous mission. In contrast, the similarity in CEV propulsive require-
ments between the L1 TRM and the LOR variant resulted in ssmilar CEV gross masses (27t ver-
sus 23t for the LOR variant). It is important to keep in mind that the gross masses of the flight
elements can vary significantly in response to changes in key sizing inputs such as AV distribu-
tion, propulsive efficiency or Earth orbit departure strategy.

A four-launch strategy for the direct return approach includes a CEV, lander descent stage and
two Earth Departure Stages. The most straightforward CEV design implementation for the direct
return architecture combines the functionality of the lander ascent stage with the CEV propulsion
and crew accommodations needed for the Earth-Moon transits. Detailed sizing estimates for the
direct return architecture were deferred until after the completion of the Phase 1 and Phase 2
studies, although preliminary results indicate a gross mass in the range of 260t using the Phase 1
requirements with low Earth orbit assembly. Substantial reductionsin IMLEO are likely with the
use of cryogenic propellants on the lander descent stage.

3.5 Earth Orbit Departure Strategy

The Earth orbit departure (EOD) strategy can have significant impacts on the mass distribution,
functionality and complexity of the flight elements within a given lunar architecture. One ap-
proach is the tandem EOD used in the Apollo missions in which all of the flight elements depart
Earth orbit as an integrated stack. The split mission EOD is an aternate approach in which the
flight elements depart Earth orbit as separate stacks. The split mission EOD can be further di-
vided into convoy and pre-deployment approaches that are defined by the relative timing of the
split mission EOD maneuvers. In a convoy approach the separate stacks depart Earth orbit in
close succession, thus simulating a tandem EOD without the need to mate all of the elementsin
low Earth orbit. In a pre-deployment approach one or more flight elements are dispatched to a
forward location prior to the launch of the crew.

351 Tandem Earth Orbit Departure

A tandem Earth orbit departure approach works well with any of the three basic lunar architec-
tures, but requires low Earth orbit assembly of launch elements for a multi-launch Earth-to-orbit
strategy. The tandem EOD approach enables an equal-mass split between the Earth Departure
Stages which typically results in a lower maximum payload requirement for the launch vehicle,
and also eliminates the need for an outbound lunar rendezvous for the LOR and direct return
architectures. The drawback of the tandem EOD approach for a multi-launch strategy is that two
dynamic mating interfaces will be needed on some flight elements to enable the assembly of a
complete lunar stack.

11
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35.2 Split Mission Earth Orbit Departure

For the four-launch case specified in the L1 TRM, a split mission EOD limits the number of dy-
namic mating interfaces to one per flight element. Because the CEV and lander must mate to
enable the transfer of crew, the same dynamic mating interface can be replicated on each of the
Earth Departure Stages in the four-launch case.

Operationally, the convoy version of the split mission EOD is effectively a tandem EOD with a
deferred flight element rendezvous in the lunar vicinity. Assuming that the convoy EOD maneu-
vers are executed nominaly, this approach should work well with any of the three basic lunar
architectures. Preliminary investigations indicate that an outbound phasing and rendezvous of
convoyed flight elements in lunar orbit is feasible. In contrast to the more familiar low Earth
orbit case, however, the CEV chaser will phase down in altitude to rendezvous with the lander
target.

In the pre-deployment version of the split mission EOD, a mission asset can be delivered to the
lunar surface or parked in the lunar vicinity. Due to the unique nature of the libration points, an
Earth orbit departure opportunity for L1 naturally provides a straightforward rendezvous oppor-
tunity with a mission asset parked at L1. As aresult, flight elements or other assets can be pre-
deployed to L1 without imposing unreasonable schedule or rendezvous constraints on a lunar
mission. The same rationale explains why L1 is often used as a “waypoint” for more ambitious
near-Earth exploration approaches in which a space station or refueling depot is located at L1,
sometimes in combination with lunar propellant production and areusable lander.

In contrast to the L1 rendezvous situation, however, a pre-deployed flight element in a general
lunar orbit may not be easily accessible from a defined low Earth orbit except on infrequent oc-
casions, or with the use of additional propulsion. This outbound rendezvous problem is simpli-
fied if the asset is located in an equatorial or polar orbit about the Moon rather than in an arbi-
trary orbit. In either case, however, the lunar parking orbit of the pre-deployed asset will define
the landing site opportunities for a given mission within the performance constraints of the flight
elements.

3.6 Cargoddivery

The ability to deliver alunar habitat, power generation equipment and cargo to the lunar surface
is an important consideration for lunar exploration missions involving lengthy surface stays. De-
pending on the surface mission requirements, the sizing of the lander and in-space propulsion
stages may be driven by cargo delivery requirements rather than by the ascent stage and crew
modul e associated with a crewed lander.

If the lander is optimized for the human exploration mission, the maximum potential cargo capa-
bility of the lander descent stage is roughly the mass of the lander ascent stage and crew module.
As aresult, the direct return architecture offers the highest single-mission cargo delivery capacity
of the three architecture alternatives. Conversely, an optimized lunar orbit rendezvous approach
offers the lowest cargo delivery capability.

12
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3.7 Mission Environments

The CEV must be designed to operate in a wide range of environments beginning with the com-
plex, but well-understood thermal, radiation and MMOD environments of low Earth orbit. The
duration of CEV exposure to the LEO environment could vary from hours to days depending on
the selected launch strategy and Earth orbit departure approach.

After the CEV departs LEO, it will pass through the Van Allen radiation belts and enter a “free-
gpace” thermal, radiation and micrometeoroid environment during the transit to the vicinity of
the Moon. During the transit phase the Earth and the Moon will have limited influence on the
CEV operating environment. A CEV parked at the L1 libration point will experience this free-
space environment throughout the lunar surface phase of the mission. A slow roll of the CEV, if
compatible with the design of the spacecraft subsystems, can be employed to more evenly dis-
tribute the solar flux.

In the lunar orbit rendezvous architecture the CEV remains parked in orbit around the Moon dur-
ing the lunar surface phase, and is subject to a more complex range of thermal inputs. Because
the Moon has no atmosphere to moderate surface temperatures, lunar surface infrared emissions
vary widely depending on lighting conditions, and can represent a significant thermal input to a
CEV inalow lunar orbit. The orbiting CEV will also be subject to frequent light/dark cycles that
are afunction of the relative positions of the CEV, Sun and Moon as well as the atitude and in-
clination of the CEV lunar orbit. A slow roll of the CEV, if compatible with the design of the
spacecraft subsystems, can be employed to more evenly distribute the thermal inputs.

In the direct return architecture the CEV is integrated with the lander and carried to the lunar
surface. During the lunar surface mission the CEV will experience the range of therma and
lighting conditions associated with the latitude of the selected landing site. In general, the lunar
surface temperature varies from approximately +250 °F to —300 °F near the equator with more
moderate temperature peaks at higher latitudes. In practice the lunar terrain can have a signifi-
cant influence on the thermal environment of the lander on the lunar surface. Barring an unusual
lander design, the CEV will be in afixed orientation relative to the Moon during the lunar sur-
face mission.

3.8 General Mission Constraints

Any nomina mission design constraint that is coupled with the orbital mechanics of the Earth-
Moon system has the potential to greatly constrain the frequency of lunar mission opportunities.
These constraints are typically associated with orbital departure opportunities from the Earth or
Moon, mandatory outbound or inbound rendezvous events, or landing sSite loca-
tions/characteristics at the Earth or Moon. Some nominal mission constraints may be generally
incompatible with off-nominal mission events, such as an in-transit abort or an early return from
the lunar surface.

One example of alanding constraint at the Moon is the Apollo Program specification of a near-
dawn lighting condition to facilitate visual identification of landing hazards. Lighting conditions
on the lunar surface repeat on approximately a monthly basis (lunar synodic period of 29.531
days). If a surface lighting condition is specified as a constraint for the lunar exploration pro-
gram, then it must be satisfied in conjunction with an Earth departure opportunity. The use of a
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multi-launch strategy with LEO assembly restricts the Earth departure frequency to once every 8
to 12 days. Therefore, any dlip from the nominal mission schedule will result in a lengthy delay
until the next intersection of an EOD opportunity with the desired landing site and lighting con-
ditions. A backup landing site approach is not viable in the context of long duration missionsto a
single landing and relying on a surface habitat.

A lighting constraint can also be imposed for the Earth landing site, which is located near the
lunar antipode for a direct entry mission. The lighting condition at the lunar antipode is dictated
by the position of the Moon at lunar departure. To ensure a daytime Earth landing for a direct
entry return, the CEV must depart the Moon within the two-week period centered on the full
moon. If the Earth lighting constraint is also applied to off-nominal mission events, such as an
in-transit abort or anytime Earth return from the lunar surface, then the CEV must be capable of
askip re-entry or aerocapture to enable a daylight touchdown at Earth.

Another potential mission constraint is a requirement to rendezvous with an asset in a fixed low
Earth orbit on the return (inbound) leg of alunar mission. Even with nominal mission execution,
the necessary orbital alignment for rendezvous and phasing with a fixed low Earth orbit on the
inbound leg of alunar mission is infrequent and will significantly reduce mission opportunities.
Rendezvous with a fixed LEO asset becomes even more limiting when considered in combina-
tion with other mission constraints and may not be feasible for off-nominal mission events that
force an early return to the Earth.

3.9 Earth Return and Recovery

The Apollo Program utilized a direct entry with water landing for the recovery of the astronauts
at the conclusion of the lunar missions. The Apollo capsule and similar blunt body shapes typi-
cally offer low hypersonic lift-to-drag ratios (L/D~0.3) at modest angles of attack, resulting in
very limited cross range steering in the range of 60 to 80 nautical miles. As a result, the landing
latitude for a direct entry approach is defined by the position of the lunar antipode at the initia-
tion of the lunar orbit departure burn. The landing longitude can be varied along the ground track
of the antipode by modifying the flight time of the inbound transit to take advantage of the
Earth’ s rotation. For a general lunar mission, the opportunities for the land recovery of a space-
craft using direct entry are relatively limited, particularly if the mission design involves the dis-
posal of apropulsive stage (e.g., Apollo Service Module) at the Earth.

In an aerocapture approach, a spacecraft dissipates much of its relative velocity in the Earth’s
atmosphere before exiting to a temporary phasing orbit. The spacecraft subsequently performs a
de-orbit maneuver to a landing site on or near its orbital ground track. The ability of the space-
craft to target a specific land or water site is driven by its hypersonic L/D and the period of time
it is capable of loitering on-orbit. The number of landing areas, size of landing areas, orbital in-
clination, orbital period and loiter time all factor into the orbital phasing calculations. The ability
of a spacecraft to perform an Earth aerocapture with LEO phasing greatly increases the fre-
guency of opportunities for land landing.

A variant of the L1 TRM was developed to assess the design impacts of adding aerocapture and
loiter functionality to the CEV capsule. The increase in the required propulsive capability from
10 m/sto 112 m/sfor the de-orbit maneuver resulted in a switch from the simple Tridyne RCSto
a higher performance liquid oxygen/ethanol bipropellant system. The capsule design was also
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modified to incorporate the additional stand-alone resources required for life support, thermal
control and power generation for a twelve-hour LEO loiter period and to address the impact ac-
celerations associated with a land landing. These enhancements resulted in a total architecture
mass increase of approximately 10t or 4.5% over the L1 TRM IMLEO of 230t. The size of the
launch escape rocket, which was not addressed as part of the LDRM-2 study, would also in-
crease as aresult of the changes to the CEV capsule design.

3.10 Crew-Dayson theLunar Surface

The LDRM-2 Phase 1 study included parametric variations on the number of crew and the length
of the surface mission. The L1 TRM is sized for four crew and a seven-day surface mission, or
28 crew-days on the lunar surface. Changes of plus or minus two crew to the L1 TRM approach
resulted in corresponding IMLEO changes of approximately +/- 10%, or roughly 10t per crew-
person. In the context of the L1 TRM, each additional crewperson provides seven additional
crew-days on the lunar surface. Variations in the duration of the surface stay from three to four-
teen days were also examined for the L1 TRM, and resulted in an IMLEO delta of roughly 2.4t
per day for a crew size of four. For a fourteen day surface stay the IMLEO was 246t versus the
230t for the L1 TRM. Since each additional day results in four additional crew-days on the lunar
surface, the additional 16t required for a fourteen day surface mission results in twenty-eight
additional crew-days on the lunar surface.

On the basis of crew-days on the lunar surface, it is much more efficient to increase the length of
a surface mission than to increase the number of crew. An increase in the length of the surface
mission primarily involves additional consumables for power, thermal and life support functions.
An increase in the number of crew involves additional consumables plus the mass impacts asso-
ciated with increases in the habitable volumes of the CEV and lander and additional EVA suits,
emergency supplies and similar equipment.

It should be noted that the applicability of this datais limited to lighted surface missions of lim-
ited duration. Longer duration surface missions will involve changes in subsystem technologies
that exceed the scope of these parametric analyses.

3.11 Internal Cabin Design Pressure

The selection of the cabin atmosphere pressure and composition for alunar mission is influenced
by a number of considerations including human physiology, EVA, materials flammability and
structural mass. Human physiological needs can be met over a fairly wide range of pressures as
long as the oxygen level is conducive to crew health and effectiveness. EVA factors such as pre-
breathe duration and risk of decompression sickness favor a lower cabin pressure with an en-
riched oxygen concentration. A low internal pressure also reduces the structural mass of the
cabin pressure vessel. Flammability considerations favor a higher cabin pressure with a reduced
concentration of oxygen. An operational nitrogen/oxygen atmosphere of 9.5 +/- 0.5 psia with
oxygen concentrations in the range of 27 — 30 % is believed to represent a reasonable compro-
mise for lunar exploration missions. As a basis of comparison, the cabin pressure of the Space
Shuttle Orbiter is reduced to 10.2 psia with an oxygen concentration of 30% prior to EVAS.

Although the CEV crew cabin may operate at reduced pressures during a lunar mission, there is
merit to the idea of designing it to afull atmosphere structural requirement plus relief valve mar-
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gin. Based on preliminary sizing estimates, the internal design pressure has a relatively small
impact on the mass of the cabin pressure vessel — roughly 200kg for a delta design pressure of 6
psi and arelatively large pressurized volume of 22 m® (780 ft%). Using the CEV gear ratios de-
veloped during the LDRM-2 study, 200kg of additional CEV dry mass trandlates to relatively
small IMLEO increases in the range of 1.0 to 1.3t for the L1 rendezvous and lunar orbit rendez-
vous architectures. The CEV cabin design and operational environments also differ considerably
from that of the lander. Unlike the lander, the CEV carries crew during the launch and re-entry
phases of a lunar mission. By eliminating the need to vent the CEV cabin during ascent, a full
atmosphere design would simplify operations in the event of an ascent abort, and would also
provide additional structural robustness in an ascent blast overpressure environment. A CEV
cabin designed to a full atmosphere specification could also be operated at sea level conditions
during the transit phases of a lunar mission, providing increased crew safety by reducing flam-
mability concerns. While EVA is asignificant driver for the lander crew module, the CEV only
supports contingency EV A functionality and is not driven as strongly by operating pressure con-
cerns such as prebreathe duration or risk of decompression sickness. Although not necessarily a
major consideration, afull atmosphere CEV cabin design would also improve potential compati-
bility with the International Space Station or future space-based assets.
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4.0 Task Description

4.1

4.2

Background

Human missions to the moon will be conducted in preparation for future human missionsto
Mars. Three lunar design reference missions (LDRMs) have been developed to bracket a
range of lunar mission scenarios to determine required functionality of the system ele-
ments. These missions serve as a point of departure for subsequent architecture analysis.
The trade reference mission scenario for LDRM-1 is a 7-day surface stay in the equatorial
region of the moon. LDRM-2 isa 7 day surface stay, with global access of the lunar sur-
face enabled via multiple missions. LDRM-3 is a 30-90 surface stay, multiple missionsto a
single polar site with additional surface elements.

The LDRM-2 study, which was selected as the starting point for the lunar architecture stud-
ies, employs a trade reference mission approach supplemented with a number of incre-
mental mission variations to establish design parameter sensitivities. These variants were
grouped into architecture and parametric categories.

Phase 1 Task Description

The purpose of the Phase 1 mission is to enable global access for human exploration of the
lunar surface via seven-day missions to multiple landing sites. These missions will support
awide range of scientific investigations, technology and operations development and sys-
tems testing to reduce the risks of future human exploration of Mars.

42.1 Ground Rules

Subsystem technology freeze at (TRL 6) six years before IOC (use TRL 6 by 2009 as
your reference for design). Freeze time increases to 9 years for “major architectural”
drivers (e.g., in-flight refueling).

First lunar mission 2015-2020

Exploration missions are expected to be mass and volume limited, thus placing a pre-
mium on design efficiency.

The primary focus of the study isto provide Code T with the information needed to de-
velop effective CEV Level 1 requirements.

422 Trade Reference Mission Assumptions
1. One human lunar mission per year

Return mass from the moon is 100 kg. Return samples may require conditioning (con-

| sider biological and planetary materials samples, TBD)

Payload to lunar surface (science and enhanced EVA mobility) is 500kg

4. All mission elements placed in LEO (28.5 deg 407km circular)
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5. DRM analysis should determine and baseline minimum launch capability required for a
4-launch solution.

6. Consider the lunar mission elementsto be “cargo” in terms of delivery to the LEO park-
ing orbit. The propulsive capabilities of the lunar mission elements will not be employed
for orbit insertion, but may be required for orbit maintenance.

7. Automated rendezvous and docking shall be used to assemble the elements (identify re-
quired interfaces, resources across the interfaces, and contingency operations)

8. Assume 2 weeks between launches (identify any sensitivities/major architectural implica-
tions).

9. Crew must be launched on a human rated launch system

10. A dedicated lunar lander element with a separate crew module will be used to transfer the
crew from the lunar vicinity to the lunar surface and back to lunar vicinity.

11. Surface stay 7 days
12. 4 crew with all crew going to the lunar surface
13. Daily EVAswill be conducted on the surface of the Moon from the lunar lander.

14. The CEV and lunar lander are not required to be reusable and will not be explicitly de-
signed for reusability.

15. The lunar lander will not be designed to provide functionality beyond that required for
the planned lunar surface stay time.

16. The reference lunar surface environment for landing operations and the surface stay isa
relatively benign, Apollo-type thermal and lighting condition.

17. A Crew Exploration Vehicle (CEV) element will provide the crew habitation function
from the earth’ s surface to lunar vicinity and back to the earth’ s surface.

18. The nominal Earth return for the CEV isadirect entry with awater landing.

19. The CEV design will incorporate functionality for land landing as a contingency for an
ascent abort.

20. CEV shall include the capability for contingency EVA’s

21. Radiation shielding shall be incorporated into the design of the CEV and lunar lander
crew modulesto provide a core level of biological protection for the crew during transit
and on the lunar surface (Code T to give guidance).

22. Libration point L1 is used as the lunar vicinity rendezvous point to enable global lunar
surface access.

23. Communications and tracking systems will be emplaced to support global human and ro-
botic surface operations.

24. The lunar lander will be pre-deployed to lunar vicinity prior to initiation of the CEV mis-
sion.
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25. Assume LH2/LO2 propellants for the L1 transfer stage(s).
26. Assume CH4/LO2 propellants for all other propulsive stages.
4.2.3 Specific Trades Studies

After completion of the L1 trade reference mission, a series of major variations will be
conducted to show the effect of the architectural approaches. The variations are listed in
priority order. Unless otherwise stated, the trades involve changing only the single, listed
parameter from the L1 TRM. In addition to the architectural variations, a series of smaller-
impact parametric variations will be performed on select systems to gain an appreciation of
the sensitivities for more subtle changes against the L1 TRM.

4231

1.

2.

4.2.3.2
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Architectural Variations

L1 TRM but with a 2-launch solution. The crew launch will be included in 1 of the 2
launches.

L1 TRM with a 3-launch solution. In this case, the crew launches separately, e.g., the 3
of the launches.

L1 TRM but assuming a constraint of 25 metric tons maximum per launch. Determine
number of launches required.

L1 TRM but with lunar orbit rendezvous instead of L1.

L1 TRM but withinitial CEV/lander mating in LEO instead of L 1.

L1 TRM but with single pass aerocapture, de-orbit phasing, and capability of land land-
ing instead of direct entry and water landing.

L1 TRM but with direct lunar landing instead of separate lander and L 1 rendezvous (not
an original task requirement — conduct only astime allows).

Parametric sensitivity variations (conducted against theL1 TRM)

Effect of alternate propellants.

Effect of different power source options.

Effect of variation in return payload from the 100 kg baseline.

Effect of variation of payload to lunar surface from the 500 kg baseline.
Effect of all vs. partia crew to the lunar surface.

Changein crew sizeto 2.

Changein crew sizeto 6.

Change in time between launches from 1 week to 30 days.

Effect of changing lunar surface stay time to 3 days.

. Effect of changing lunar surface stay time to 14 days.
. Effects of elimination of CEV contingency EV A requirement
. Define sensitivity to total mass as afunction of radiation shielding (e.g., curve of total

mass vs. probability of medical issue). In parallel, continue devel oping automated
tools/processes for determination of radiation protection as function of spacecraft con-
figuration.
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4.3 Figuresof Merit

Figures of Merit (FOMs) are provided for guidance in helping the analysis team develop
the baseline DRM within the constraints listed above. Data from trades and analysis should
support an independent FOM assessment. Note some FOM data has been identified as not
required for this study.

43.1

To what degree does an architecture ensure safety and productivity for all mission phases?

Safety/Reliability

Reliability estimates (Not required in this assessment)

Design redundancy (For this study, only an assessment of functiona redundancy between
elementsisrequired)

Abort options for all mission phases

Time required to return the crew to Earth at various key points in the mission in the event
of a contingency.

| dentification of mission risks and system hazards
Launch risks (Not required in this assessment)

4.3.2

To what degree does an architecture provide flexibility to meet current mission and future mis-
sion needs?

4.3.3

Effectiveness and Evolvability

Applicability and evolvahility of technologies, systems (life support, in-space propul -
sion, power), elements (CEV, landers, habitat, EV A suit, surface power, etc.), and
operations of alunar architecture to future Mars missions, and Mars mission risks that
areretired.

Assessment of degree to which the architecture allows for simple interfaces between
elements.

Assessment of architecture mission complexity (e.g. number of elements, docking
and assembly requirements, total mission duration, launch and return opportunities,
etc.).

Assessment of capability to satisfy science objectives (not required for this assess-
ment).

Development Risk and Schedule

To what degree does an architecture reduce development and schedul e risks?

New technologies used

Benefits of the new technologies (either to lunar missions or as a development step to
support Mars missions)

Current TRL of new technologies, and assessment of effort required to bring technol-
ogy to TRL 6 by 5 years prior to initial ops capability date
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e Assessment of technologies used versus |OC date

e Assessment of ability to develop required architecture elements within integrated
schedule (not required for this study)

4.3.4  Affordability

To what degree is an architecture expected to provide lower initial and total life cycle costs?

e New technologiesidentified

e Program flight elements, mass

e Program facility needs

e Identification of Program elements that will have fixed operating costs (e.g. sustain-
ing engineering hardware production, ground and mission ops, €tc.).

e Identification of Program elements that will have recurring cost for each mission (e.g.
sustaining engineering hardware production, ground and mission ops, €etc.)

e Identification of investmentsin Lunar missions that directly support future Mars mis-
sions (technologies, systems, elements)

e Tota massrequired to be delivered to LEO to support initial mission (includes pre-
deployed/infrastructure, if any) and for each subsequent mission.
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50 LDRM-2 Study Participants
5.1 Rolesand Responsibilities by Organization

The LDRM-2 study benefited from the contributions of a wide range of personnel currently sup-
porting space flight activities at the Johnson Space Center. The principal LDRM-2 team mem-
bers are listed below by organizational code. Credit is also due to the NASA Headquarters per-
sonnel managing and integrating the human and robotic exploration studies across the agency.

The LDRM-2 study leverages decades of spaceflight experience and historical design data in
combination with modern analysis tools and techniques. As a result, special acknowledgement
must be given to the contributions of the entire NASA and contractor team, both past and pre-

sent.
Organization Function ‘ Name
HQ/ESMD Task Lead Bret Drake
EX Study Lead Ed Robertson
EX Deputy Study Lead / Architecture Sizing Jim Geffre
EX Architecture Lead Kent Joosten
EX Steering Lead Chuck Dingell
EX Advanced Design Team Manager Joyce Carpenter
CB Astronaut Office Support — Primary Stan Love
CB Astronaut Office Support — Backup Michael Good
DM Mission Operations Doug Rask
DM Mission Operations Don Pearson
EC ECLSATCS Kathy Daues
EC ECLSATCS David Westheimer
EC EVA Michael Rouen
EC EVA Robert Trevino
EG Mission Analysis Team Lead Jerry Condon
EG Mission Design and Orbital Mechanics Sam Wilson (retired consultant)
EG Mission Analysis, Rendezvous Robert Merriam
EG Mission Analysis, Earth Return Tim Dawn
EG Mission Analysis, Earth Entry Mike Tigges
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EG Mission Analysis, Landing and Recovery Chris Madsen
EG Trajectory Anaysis and Visualization Carlos Westhelle
EG Trajectory Visualization Dick Ramsell
EG-UT Trajectory Design and Rendezvous Dr. Juan Senent
EG Guidance, Navigation and Control Tom Moody
EG Guidance, Navigation and Control David Strack
EP Power Karla Bradley
EP Propulsion Eric Hurlert
EP Propulsion Mike Baine
ER Robotics Rob Ambrose
ES Mechanisms James Lewis
ES Structures Greg Edeen
ES Thermal Protection System Chris Madden
ES TPS/IPTCS Steve Rickman
EV Software Helen Neighbors
EV Software Sid Novosad
EV Software David Jih
EV Communications and Tracking LauraHood
EV Data Management System Coy Kouba
EX Operations and Systems Integration Karl Pohl
EX Operations and Systems Integration Jon Lenius
EX Mass Properties Wayne Peterson
EX Design Integration Ann Bufkin
EX Design Integration Liana Rodriggs
EX Crew Survival Leo Langston
EX Technology Assessment Keith Williams
EX Computer-Aided Design Tim Cooper
EX Co-op Student Jayleen Guttromson
EX Co-op Student John Christian
EX-LM Information Management DemetrialLee
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NX SR& QA Jan Railsback
NX SR& QA Randy Rust
NX —GHG SR& QA Bryan Fuqua
NX —GHG SR& QA Clint Thornton
SF Concept Exploration Lab Joe Hamilton
SF Crew Systems and Habitability Susan Baggerman
SK Radiation Frank Cucinotta
SL Space and Life Sciences John Charles
SL Space and Life Sciences Tom Sullivan
SX Micro-Meteoroid and Orbital Debris Eric Christiansen

5.2 Final Report Documentation
The following individuals authored or provided material contributions to sections of the LDRM-

2 Final Report.
Section Description Authors
Section 1 Introduction Ed Robertson
Section 2 Study Scope Ed Robertson
Section 3 Executive Summary Ed Robertson
Section 4 Task Description Bret Drake
Section 5 LDRM-2 Study Participants Ed Robertson
Section 6 Study Methods, Tools and Validations Jm Geffre
Section 7 Introduction to Major Architectural Considerations Ed Robertson
L1/LOR Hybrid Architecture Tom Sullivan
Section 8 Lunar Mission Design Considerations Jerry Condon

Sam Wilson (retired)
Robert Merriam

Michael Tigges

Tim Dawn

Carlos Westhelle

Dr. Juan Senent (UT)
Dave Hammen (Odyssey)
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Section 9 Element Overview Liana Rodriggs
Ann Bufkin
Section 10 L1 Trade Reference Mission (TRM) Jm Geffre
Safety & Mission Success Jan Railsback
Randy Rust
Bryan Fuqua (GHG)
Clint Thornton (GHG)
Mission Abort Options Leo Langston
Element Overview Liana Rodriggs
Ann Bufkin
Jim Geffre
System Technology and TRL Summary Keith Williams
Section 11 TRM with Two-Launch Solution Jm Geffre
Section 12 TRM with Three-Launch Solution Jim Geffre
Section 13 TRM with 25t Launch Limit Jim Geffre
Section 14 TRM with Lunar Orbit Rendezvous Jm Geffre
Section 15 TRM with CEV/Lander Mating in LEO Jon Lenius
Section 16 TRM with Aerocapture, Phasing and Land Touchdown | Jon Lenius
Section 17 TRM with Direct Earth Return Ed Robertson
Section 18 Architecture Comparison Ed Robertson
Section 19.1 Alternate Propellants Eric Hurlbert
Mike Baine
Section 19.2 Alternate Power Sources Jm Geffre
Section 19.3 Variation in Return Payload Mass Jm Geffre
Section 19.4 Variation in Delivered Payload Mass Jm Geffre
Section 19.5 Effect of All vs. Partial Crew to the Lunar Surface Jon Lenius
Section 19.6 Reduction in Crew Size- 2 Crew Jon Lenius
Section 19.7 Increase in Crew Size—6 Crew Jon Lenius
Section 19.8 Variation in Launch Spacing from 7 to 30 Days Jon Lenius
Section 19.9 Reduction in Lunar Surface Stay — 3 Days Jon Lenius
Section 19.10 Increasein Lunar Surface Stay — 7 Days Jon Lenius
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Section 19.11 Assessment of CEV Contingency EVA Capability Stan Love
Section 19.12 Recommended Cabin Design Pressure David Westheimer
Section 20.1 System Technology — Propulsion Eric Hurlbert
Mike Baine
Section 20.2 System Technology — Power Karla Bradley
Section 20.3 System Technology — ECLSS Kathy Daues
Section 20.4 System Technology — ATCS David Westheimer
Section 20.5 System Technology — Habitation Systems Susan Baggerman
Section 20.6 System Technology — EVA Robert Trevino
Section 20.7 System Technology — Avionics Coy Kouba
David Jih
Helen Neighbors
Section 20.8 System Technology — GN&C Thomas Moody
Brian Rishikof
David Strack
Contributing Engineers: Tim Crain
Howard Hu
Section 20.9 System Technology — C& T Laura Hood
Section 20.10 System Technology — Structures Gregg Edeen
Section 20.11 System Technology — PTCS Steve Rickman
Section 20.12 System Technology — TPS Chris Madden
Section 20.13 System Technology — Mechanisms James Lewis
Section 20.14 Mission Environment — Thermal Steve Rickman
Section 20.15 Mission Environment — Radiation Frank Cucinotta
Section 20.16 Mission Environment — MMOD Eric Christiansen
Section 20.17 Risks and Hazards Assessment Jan Railsback
Randy Rust
Bryan Fuqua (GHG)
Clint Thornton (GHG)
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6.0 Study Methods, Tools, and Validations

This section describes the design processes and tools used to conduct the LDRM-2 study. The
LDRM-2 task was primarily an architecture trade study to examine the impacts of various lunar
transportation strategies, as opposed to the more familiar detailed vehicle design studies using a
distinct pre-selected mission architecture. Therefore, the study modified the methods applied to
reflect the nature of the given task better. Measuring relative differences between architectures,
instead of absolute highly optimized vehicle mass estimates, received greater emphasis. To gen-
erate the necessary vehicle properties quickly for the many architecture and parametric variations
requested, the study team employed a spreadsheet-based parametric mass/power/volume estimat-
ing tool instead of more time-consuming manual sizing methods. The need to produce high con-
fidence results with the tool was recognized, however, so measures were taken to validate it
against historical human spaceflight examples. The team chose the as-built vehicles used in the
Apollo 17 lunar mission for comparison, and this section describes the results of those efforts.

6.1 Study Methods

Due to the large number of architecture and parametric trades requested in the LDRM-2 task
request statement, a traditional design process where subsystem experts generate initial subsys-
tem mass, power, and volume estimates for a vehicle and iterate on their estimates until the de-
sign converges was considered too impractical for the limited time alotted for the study. Instead,
asingle integrated sizing tool representing the major subsystemsin a typical exploration vehicle
was used to reduce greatly the length of time required to analyze a given architecture. This tool,
called Envision and described in detail in Section 6.2, contains embedded mass, power, and vol-
ume parametric estimating relationships to evaluate the components of a vehicle and performs
any necessary iteration internaly.

The process for conducting the LDRM-2 study began by first establishing a trade reference mis-
sion (TRM) from the architecture assumptions enumerated in the task request statement. Seven
unique candidates for the TRM were identified using different delta-V allocations and propulsion
system types for the assumed suite of architecture elements (CEV, Lunar Lander, etc.). From
these seven candidates, one option was downselected as the phase | baseline. The LDRM-2 team
developed mission and abort timelines, critical events lists, vehicle mass properties, and technol-
ogy heeds for this baseline. Next, architecture variants performed in the study using different
rendezvous strategies, launch packaging, and CEV landing modes then used the TRM as a refer-
ence to determine the relative merits of those changes. Parametric variants used the TRM, with-
out affecting the architecture, to modify key vehicle design parameters such as crew size, propul-
sion system type, and others to measure their impacts. Sections 10.0 — 19.0 of the report describe
the TRM and architecture/parametric variations in depth.

As mentioned, mass properties for the architecture elements were generated using the Envision
parametric sizing tool. This process involved first developing technology lists for TRM vehicles
by the study leads and presenting these options to subsystem experts on the team. The LDRM-2
team included specialists representing all of the major subsystems included in a typical human
spacecraft. Subsystem experts verified the lists of technologies and added, removed, or changed
the selections where appropriate. One example of a subsystem technology changed was the vehi-
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cle mating system. The initial technology list used an Apollo-like probe & drogue system to pro-
vide pressurized docking and crew transfer between the CEV and Lunar Lander. Instead, the
LDRM-2 mating system lead recommended a fully androgynous, low impact docking system.
After making any necessary changes, the team finalized the technology list. The Envision sizing
tool then generated preliminary mass properties for the CEV, Lunar Lander, Earth Departure
Stages, and Kick Stage included in the TRM. Mass properties were presented to the subsystem
experts for validation, and inputs to the sizing tool or Envision sizing algorithms were altered to
fix any outstanding sizing discrepancies. The team approved resulting mass properties for the
TRM, and finally, the study leads generated mass properties for the requested architecture and
parametric variations.

6.2 Envision Tool Description

The Envision Exploration Vehicle System Estimation tool is a Microsoft Excel-based integrated
parametric systems engineering tool developed to assess rapidly system mass, volume, and
power requirements for future human exploration concepts such as interplanetary transportation
or habitation vehicles. It has been in development since 2001 to assist exploration architecture
and vehicle designers in providing quick-turnaround responses to questions of mission or vehicle
concept feasibility. This tool consists of a series of linked spreadsheets representing each of the
major subsystemsin atypical exploration vehicle, with each spreadsheet in the tool having either
been developed by JSC vehicle subsystem experts or by the tool developer using mass, power,
and volume estimating relationships supplied by the subsystem experts. Such relationships
might be physics-based or empirically-derived from past human exploration concepts. Given
user inputs, the tool sizes each of the systems and then presents vehicle mass, volume, and power
properties on a summary sheet. Efforts are currently underway to independently verify and vali-
date Envision sizing relationships and tool outputs for completeness and correctness.

Three major layers comprise the Envision tool. These layers are (1) the main input layer, (2) the
system sizer layer, and (3) the vehicle summary layer.

1) Themain input layer isasingle worksheet within the tool providing a centralized location
for user inputs regarding high-level vehicle design parameters. These parameters include
such data as crew size, mission timeline, pressurized volume, delta-V, cabin atmosphere
pressure, payload size, and others. The tool distributes inputs provided on the main input
layer to the system sizers for mass, volume, and power calculations.

2) The system sizer layer consists of a series of linked worksheets embedded in the Micro-
soft Excel workbook that compute mass, volume, and power requirements for exploration
vehicle concepts. These systems include avionics, crew accommodations, descent &
landing, environmental control and life support, EVA and suits, power, propulsion, struc-
tures and thermal protection, and thermal control. Each system worksheet divides further
into four sections. (1) areserved input/output section, (2) a user interface section, (3) an
analysis section, and (4) an output section. A worksheet’s reserved input/output section
provides data connectivity to other sizers within the tool. All external variable values re-
quired by the sizer or variable values produced by the sizer that are required in another
sizer are in this section. The user interface section allows the user to specify subsystem
component types, technologies, and quantities relevant to the vehicle analyzed. The
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3)

analysis section within a worksheet is the heart of the system sizer. It performs the mass,
volume, and power estimates for a system using pre-programmed estimating rel ationships
based on historical data or physics. A typical mass relationship might take the form:

Pump Power Required 06
Rotation Speed

Fuel Turbopump Mass =1.95* [

This relationship uses a power law equation to scale engine turbopump mass using pump
power, pump rotation speed, and two empirically derived scaling coefficients. The analy-
Sis section retrieves user inputs from the reserved input/output section and user interface
section, computes mass, volume, and power estimates using relationships similar to the
turbopump equation, and provides its results to the final section, the output section. The
output section summarizes the results of a system sizing into a few quantities used in the
vehicle summary layer.

Finally, the vehicle summary layer is a single worksheet within the tool used to summa
rize concisely results of the sizer calculations. This worksheet includes a mass, volume,
power summary of all mgor system components, vehicle dry, inert, total mass estimates,
and charts detailing allocations between systems.

Figure 6.2-1 depicts a notiona construct of the current Envision application. The diagram shows
the three tool layer — the main input layer, the system sizer layer, and the vehicle summary layer.
Lines show connections between the layers and the individual software tools. In most cases,
these lines represent two-way communication between components.
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Figure 6.2-1: Envision Configuration Diagram

6.3 MassPropertiesValidation

After producing mass properties for the trade reference mission and subsequent architecture vari-
ants, the Envision tool generated an additional test case for validation against a historical human
spaceflight example. The example selected for validation was the last and most ambitious Apollo
mission, Apollo 17. The validation process was not intended to replicate the exact design of the
Apollo vehicles, rather to replicate the capabilities of that mission using modern technologies
and vehicle design practices while retaining as much commonality between the two as possible.
Thus, some key architecture parameters such as crew size, surface duration, and rendezvous
strategy were identical to the Apollo 17 mission, while others, such as number of launches,
amount of radiation protection, level of fault tolerance, and propulsion system types, were com-
mon with the TRM. Table 6.3-1 outlines the resulting validation test case, caled “Pseudo-

Apollo”, and comparesits features to Apollo 17.
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Pseudo-Apollo Apollo 17
4 per mission
Number of Launches 2 weeks between launches 1 per mission
Element assembly in LEO
Dedicated Radiation ~1,600 kg polyethylene for CEV None
Protection? and Lunar Lander
Service Module Propulsion Oxygen/Methane NTO/Aero50-50
Lunar Lander Propulsion Oxygen/Methane NTO/Aero50-50
. 3 crew total 3 crew total
Crew Size
2 crew to lunar surface 2 crew to lunar surface
Architecture Type Near equgtorlal-llmlted lunar Near equgtorlal-llmlted lunar
orbit rendezvous orbit rendezvous
Surface Duration 3days 3 days
Mission Payload 500 kg down / 100 kg return 558 kg down / 112 kg return
Airlock? No No

Table6.3-1: Pseudo-Apollo Benchmark Characteristics

Next, the sizing tool generated mass properties for Pseudo-Apollo vehicles and mass properties
for the as-flown Apollo 17 vehicles were researched. The resulting architecture initial mass in
low Earth orbit (IMLEO) was 142 metric tons for the Pseudo-Apollo case versus 138 metric tons
for Apollo 17. The close proximity of these values gave some measure of confidence in the En-
vision tool’s outputs while recognizing that some important differences still exist between the
two test cases. For architecture trade studies such as LDRM-2, the tool is likely to be sufficiently
precise.
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7.0 Introduction to Lunar Mission Design Consider ations

The total AV required for a lunar mission from Earth departure through Earth return, including
the lunar descent and ascent maneuvers, is roughly 9 to 10 km/s (29,500 to 32,800 ft/s). That
total is comparable to the AV required for launching payloads from the surface of the Earth to
low Earth orbit. In contrast, typical crewed LEO missions require only about 0.35 km/s (1,150
ft/s) of on-orbit AV — less than 4% of the lunar mission value. As aresult, the combined mass of
the flight elements delivered to low Earth orbit for a chemical propulsion lunar mission is typi-
cally well in excess of 100t (220 Klb), and can easily exceed 200t (441 Klb) for a robust set of
mission requirements. The Apollo lunar stack, which is often used as a basis of comparison for
lunar exploration studies, had an IMLEO equivalent of roughly 138t (304 Klb). Because the lu-
nar mission architecture has a strong influence on the magnitude and distribution of propulsive
AV among the flight elements, it aso plays a major role in how the mission AV tranglates to
launch mass.

There are three basic architectures for executing a human lunar exploration mission — libration
point rendezvous, lunar orbit rendezvous and direct return. Each of these lunar architectures of-
fers a different orbital mechanics approach to the task of returning of the crew to the Earth after
the conclusion of lunar surface operations. Two of the approaches, libration point rendezvous
and lunar orbit rendezvous, stage Earth return assets in orbit to avoid the mass penalty of trans-
porting them to the lunar surface. The third approach, direct return, eliminates the CEV rendez-
vous on the return leg of the mission at the expense of carrying the propellant and systems re-
quired for Earth return and recovery to the lunar surface. Each of the lunar architectures offers a
range of mission design options associated with the launch strategy, assembly strategy, Earth
orbit departure approach, surface exploration objectives and the definition of flight elements.

7.1 General Mission Design Parameters

The mission design for a lunar exploration program involves a wide range of parameters and
constraints, many of which are coupled either directly or indirectly. A clear understanding of the
mission objectives is essentia to the development of an effective mission design. The lunar ar-
chitecture is also a key part of the mission design process because it imposes an orbital mechan-
ics and flight environment framework on the mission, and plays a significant role in its overall
operational characteristics. In addition, if several types of missions are planned over the duration
of the lunar exploration program, then the flight elements must either envelope the full range of
required mission functionality from the outset, or support an evolutionary path for the develop-
ment of additional mission functionality, as required.

The process of defining and sizing a lunar mission to satisfy a nominal mission plan is reasona-
bly involved. The task becomes even more complex when off-nominal considerations are fac-
tored into the design process. This is especially true when a series of successful and timely
launches are required to meet the nominal mission schedule. The potential for launch delays,
rendezvous and mating problems, subsystem failures and software issues will necessitate a wide
range of contingency planning with impacts flowing down to the flight elements and mission
timeline.
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The following list of topics and associated parameters are representative of the fundamental is-
sues that must be addressed during the development of a lunar mission design. This list is pri-
marily targeted to the definition and sizing of the lunar flight elements and their general com-
patibility with the Earth-to-orbit launch system, and should not be considered to represent a
comprehensive list of lunar mission design inputs or options.

Mission Definition

Mission objectives

Location of landing site(s)

Landing site constraints (e.g., lighting conditions at touchdown or during the surface mis-
sion)

Duration of surface missions

Cargo delivery requirements (e.g., surface infrastructure, habitat & resupply)

Mission rate

Mission Architecture

Note: The mission architecture specifies the location at which the crew transfers to the space-

craft that provides the Earth return functionality. An outbound rendezvous between flight
elements or with surface assetsis a separate consideration.

L1 libration point rendezvous
Lunar orbit rendezvous

Direct Return — no rendezvous
Hybrid concepts

Abort Opportunities

Earth ascent aborts

Aborts during transit phases

Aborts during lunar descent (terminal descent phase requires particular attention)
Aborts from the lunar surface (anytime return versus loiter capability)

Safe haven options for Earth rescue operations

Earth-to-Orbit Launch System

Payload capacity (mass and dimensions)

Number of launches

Types of launches, if segregated (crewed versus cargo)
Launch rate (spacing)

Launch contingency planning (weather delays, etc.)
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Flight Element Assembly Strategy

Pre-launch integration (no on-orbit assembly)
Low Earth orbit assembly
On-orhit propellant loading

Earth Orbit Departure Strateqy

Tandem departure
Split-mission with convoy departure
Split-mission with pre-deployment of aflight element

Lunar Surface Assets

Note:

Fixed surface assets will likely result in a precision landing requirement at the Moon.
Surface asset mobility would provide some useful design flexibility.

Habitat and resupply for extended duration missions

Resources to support a dormant lander

In-situ resource development and utilization (oxygen, water, construction materials, etc.)

Earth Return and Recovery

Direct atmospheric entry, skip trajectory or aerocapture and de-orbit
Water versus land landing

Aerocapture and rendezvous with LEO asset — either in a defined orbit (e.g., transporta
tion node or spacecraft parked in LEO), or launched to an orbit compatible with the CEV
Earth return trgjectory

Flight Element Definition

Delta-V alocation

Propellant selection

Expendable versus reusable

Safe disposal of expended elements

Missions Environments

Note:

Natural environments and the duration of exposure must be defined for each mission
phase.

Thermal
Radiation
Micrometeoroid and orbital debris

Programmatic |ssues

Schedule
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e Human rating requirements
e Technology readiness level
e Development and recurring cost targets

7.2 Primary Factorsin Architecture Selection

The preferred architecture for human lunar exploration will depend on the combination of mis-
sion constraints, mission objectives and crew safety requirements identified for the Constellation
Program. The primary mission design constraints are the total number of launches and the pay-
load mass and volume capacities of the cargo and human-rated launch vehicles. The driving mis-
sion objectives include the complete set of lunar landing sites, surface mission durations and
EVA/IVA activities deemed necessary to prepare for the future human exploration of Mars. Ty-
ing these factors together is the overriding desire for the safe return of the crew to Earth in the
event of amajor systems failure in any phase of the lunar mission.

721 L aunch Vehicle Payload Mass and Volume

From a launch vehicle standpoint, the distribution of mass and volume among flight elements is
of greater importance than the total architecture mass. Any element that exceeds the payload
capacities or payload fairing dimensional limits of the available launch vehicles must either be
divided into multiple elements or modified in coordination with the other flight elements. The
mission architecture provides the basic framework that couples the orbital mechanics of the
Earth-Moon system with the flight element design and mission objectives. A mission design that
efficiently utilizes launch resources while emphasizing ssmple flight element interfaces and op-
erationsis likely to be preferred over a more complex alternative that resultsin alower IMLEO.

For a lunar mission based on chemical propulsion, it is worth noting that roughly three-quarters
of the flight element IMLEO is propellant. As a result, on-orbit fueling is an effective technique
for reducing the maximum required launch vehicle payload capacity for the larger flight ele-
ments. Commercial launch resources may be a viable option for the delivery of bulk propellant to
alow Earth orbit depot.

7.2.2 Mission Objectives

Mars missions typically involve months of in-space transit time and up to several years of total
mission duration with no capability to rapidly return to Earth. Long missions require large habit-
able volumes, robust radiation shielding, more numerous spares and large quantities of crew con-
sumables. The primary technical issues are hardware reliability, systems automation, closure of
life support systems and shielding from ionizing radiation. Human psychological issues associ-
ated with long-duration spaceflight are also of major importance. The International Space Station
is avaluable resource for assessing the physiological and psychological impacts of long-duration
missions in a micro-gravity environment. Lunar exploration missions will supplement the ISS
data by providing a more thorough understanding of the technological, physiological and psy-
chological challenges associated with operations in a hostile, partial-gravity surface environment.

The key to the selection of a lunar mission architecture is a thorough understanding of the mis-
sion objectivesin terms of the landing site environments, mission durations and surface activities
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deemed necessary to reduce the risks of future human exploration of Mars. Although the L1 ren-
dezvous and direct return architectures generally result in a high IMLEO, they aso inherently
provide a wide range of mission flexibility in terms of landing site access and surface stay times,
plus the capability to initiate areturn to Earth at any time during the lunar surface stay. The lunar
orbit rendezvous architecture offers the same anytime return capability with the potential for
significant reductions in IMLEO relative to the L1 rendezvous and direct return architectures, if
it is possible to constrain the range of landing site locations or surface mission durations.

7.2.3 Crew Safety

Crew safety is a primary concern for human exploration missions. Not only must the nominal
mission provide for the safe return of the crew to Earth, but al credible, safety-related failure
modes must also be addressed through element and system redundancy and contingency plan-
ning. Analyses are in progress to provide a more thorough understanding of the orbital mechan-
ics drivers of the abort modes for each of the three basic lunar architectures.

Each of the architectures provides a different set of contingency Earth return capabilities during
the outbound transit, lunar surface and inbound transit phases of a lunar mission. One of the key
architectural discriminators is the frequency of Earth return opportunities from the lunar surface.
Both the L1 rendezvous and direct return architectures inherently provide the option of initiating
an Earth return at any time during the lunar surface mission. The same Earth return functionality
is possible for the lunar orbit rendezvous architecture given sufficient plane change capability on
the CEV and lander to handle worst-case orbital alignments. The AV and IMLEO cost for any-
time return from the lunar surface for the lunar orbit rendezvous architecture can be greatly re-
duced if the range of landing sites or surface mission durations is constrained, or if loiter time on
the lunar surface and/or in lunar orbit is considered to be a viable alternative to anytime return. In
the case of the lunar orbit rendezvous architecture, the lunar exploration objectives must be ad-
dressed in combination with the desired abort functionality from the lunar surface.

The architectural discriminators during the outbound and inbound transit phases are primarily
associated with the time required to return to Earth and the need for flight element rendezvous
and crew transfer. The Earth orbit departure strategy, number of flight elements and distribution
of AV will also influence outbound transit abort options through the availability of functional
redundancy and margin at the element and subsystem levels. Because flight elements are typi-
cally expended during a mission, contingency options are generally much more limited during
the inbound transit phase.

The direct return architecture provides the shortest inbound and outbound transit times of the
three architectures under discussion —typicaly 3.5 to 4 days for a one way Earth-Moon transit —
and is aso the only architecture option that does not require a rendezvous to return the crew to
Earth. The single crew module, however, eliminates the functional redundancy at the element
level that is possible in adual crew module approach with atandem Earth orbit departure.

The lunar orbit rendezvous architecture is very similar to the direct return architecture in terms of
outbound transit aborts. After the separation of the lander and CEV in lunar orbit, however, a
flight element rendezvous in lunar orbit is required to transfer the crew back to the CEV for
Earth return. In addition, the multi-burn lunar orbit departure that may be needed to optimize the
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Earth return plane change AV adds an extra day to the inbound transit time relative to the direct
return architecture.

The L1 rendezvous architecture also requires an Earth return rendezvous following the separa-
tion of the CEV and lander on the outbound leg of alunar mission. However, the additional 2.5
days required for a one-way L 1-to-Moon transfer increases the time required to return to Earth in
the event of amission abort relative to the other architectures.

7.3 Alternate Mission Concepts

Although LDRM-2 study resources were focused on the definition and analysis of the three basic
mission architectures, the team was encouraged to seek innovative solutions to the human lunar
exploration mission defined in the task statement. Additional study will be required to assess the
flight element design and operational and safety implications of the alternate mission concepts
relative to the basic lunar architectures.

7.3.1 Reference L1/LOR Hybrid Architecture

The L1Y/LOR hybrid architecture was developed in an attempt to blend the benefits of the L1 and
Lunar Orbit Rendezvous mission architectures. Although there was insufficient time in the
LDRM-2 study to evaluate this approach, a description of areference L1/LOR hybrid concept is
presented for possible use in future studies. Asillustrated in Figure 7.3.1-1, the major operations
in this architecture are as follows:

1) The mission begins with the LEO rendezvous and mating of the CEV, lander and Earth
Departure Stage(s).

2) Following a tandem Earth orbit departure for the Moon, the lander and CEV coast in a
mated configuration for functional redundancy

3) The crew checks out the lander en route and transfers to the lander prior to lunar orbit ar-
rival. The CEV undocks from the lander and maneuvers towards the L1 libration point
vialunar swing-by.

4) The lander inserts into the appropriate low lunar orbit and descends to the desired landing
site.

5) The unoccupied CEV transits to L1 and loiters at L1 during the lunar surface mission.
From itslocation at L1 the CEV can target a rendezvous orbit over any lunar landing site
when departing for the Moon, thus supporting a wide range of surface mission durations.

6) If an abort is declared, then the CEV performs an early departure from L1 for a rendez-
vous orbit over the lunar landing site. The L1-to-Moon transit timeis ~2.5 days.

7) For anomina mission, the CEV departs L1 for a lunar rendezvous orbit approximately
2.5 days prior to the end of the surface mission.

8) The lander ascends from the lunar surface and rendezvous with the CEV in low lunar or-
bit. The crew transfers to the CEV and then undocks from the lander.

9) The CEV departs lunar orbit for an Earth return.
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8. Lander ascendsto LLO,
Rend. & docksto CEV

6. Surface Stay, shortened
7. CEV depart; L1 for LLO, enters if abort is declared
plane over landing site (departure ~2.5

days prior to end of surface mission)

9. Direct return
to Earth

3. CEV & lander separate just
before lunar approach, CEV
doesburntogotoLl

5. CEV arrivesat L1
and loiters during
surface stay

4. Lander
entersLLO,
then descends

1. CEV, lander, & 2. CEV & lander remain joined during
EDSjoinin LEO, coast, checkout. Abort options.
tandem TLI

Figure7.3.1-1: Operations Concept for the Reference L1/LOR Hybrid Architecture
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The main thrust of the L1/LOR hybrid approach is the use of lunar orbit rendezvous to minimize
the size and mass of the lander element and to shorten the trip time. During the outbound transit
the lander bypasses L1 and proceeds directly to a low lunar orbit, thus reducing the transit time
for the crew as well as eliminating the L1 arrival and departure AV for the lander. The L1 ren-
dezvous characteristics of global lunar access and extended duration surface missions with any-
time Earth return are retained in the hybrid approach by parking the CEV at L1 during the lunar
surface mission. In the L1/LOR hybrid architecture, however, the CEV departs L1 and enters
low lunar orbit in order to pick up the crew from the lander and return them safely to Earth.

An end-to-end assessment in terms of orbital mechanics, critical events and abort modes will be
needed to fully assess the merits of the L1/LOR hybrid architecture. In its favor, however, the
hybrid L1/LOR architecture reduces the AV allocated to the lander by shifting the responsibility
for several major maneuvers to the CEV and EDS elements. Under the LDRM-2 study assump-
tions, this general approach was shown to minimize IMLEO for the basic L1 rendezvous and
lunar orbit rendezvous architectures. The AV associated with the L1-Moon transit and lunar orbit
departure, roughly 850 m/s, is transferred from the lander ascent stage to the CEV by performing
the CEV/lander rendezvous in low lunar orbit. Furthermore, in contrast to the lunar orbit rendez-
vous approach for long duration lunar surface missions, the plane change AV required for the
lander descent and ascent maneuvers can be minimized by the use of coplanar CEV lunar park-
ing orbits. Finally, the AV required in the L1 rendezvous architecture to stop the lander at L1
during the outbound leg of the mission is eliminated in the hybrid approach at the expense of a
somewhat larger lunar orbit arrival maneuver.

Architecture mass is not the only important figure of merit for a lunar mission. Crew safety is
impacted by the duration of the Earth-Moon transits, availability of aborts throughout the mis-
sion, and the time required to return the crew to the Earth in the event of an emergency. It isim-
portant to note that the mission duration for the crew is typicaly shorter in the hybrid L1/LOR
architecture than in the L1 rendezvous architecture. Because the CEV is unoccupied during the
transits between L1 and low lunar orbit, the nominal crewed mission duration is actually quite
similar to that of the basic LOR approach, and roughly five days less than for the basic L1 ren-
dezvous architecture. In the event of an unplanned early termination (abort) of the lunar surface
mission, however, the return to Earth time for the hybrid L1/LOR architecture would be about
six days due to the delay in retrieving the CEV from L1. That is similar to the return to Earth
time for the basic L1 rendezvous architecture, and approximately 1.5 days longer than the return
to Earth time for the basic LOR architecture.

The LY/LOR hybrid architecture also offers some interesting variants in which the CEV does not
actually loiter at the L1 libration point. While the lander is performing its lunar orbit insertion
and descent maneuvers, the CEV will be receding from the moon en route to L 1. Should an event
require the return of the crew to the CEV, the lander can depart lunar orbit or stop its descent and
proceed to L1 to join the CEV. At some point, however, enough propellant will have been used
that the lander will be unable to make it to L1. At that point, the lander can remain in lunar orbit
until the CEV returns and rendezvous. A complete analysis of this case has not been performed,
but it isfair to say that the amount of time these operations may take is longer than that required
in the Apollo-style LOR abort scenarios.
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An interesting possibility exists for early reconnaissance missions to the moon. The duration of
these missions has been suggested to be in the range of four to fourteen days on the surface, dur-
ing which time the crew would live out of the lander. Since the time for the CEV to coast to L1
after swinging by the moon is on the order of 2.5 days, a round trip back to the moon will take
roughly five days. This is about the right amount of time to support a four-day surface mission.
For such amission, the CEV would not insert itself at L1, and thus would not need to perform a
burn to depart it, either. It is highly likely, however, that a modest plane change burn at L1 would
be required to establish the proper orbit at the Moon for the lander rendezvous. Once the CEV
arrives back at the Moon, it would perform a burn to circularize its orbit and prepare for rendez-
vous with the lander ascent stage. Later missions may choose to have the CEV do another ‘lap’
or two out to L1 before circularizing at a low lunar orbit, extending the surface duration by an-
other five or ten days. Intermediate stay times are possible by lowering the apogee by the appro-
priate amount, thus decreasing the orbital period. Consequently, support for exploration missions
with surface stay times of 4 to 14 days are possible. This stay time matches what is considered as
reasonable for living out of the lander, without support from a separate habitat. This approach is
very similar to the high lunar orbit option (24 hour period) discussed for the LOR variant within
this study. There are differences, however, both positive and negative. The longer orbital period,
five days versus one day, means that at certain times the CEV is less available to support emer-
gency aborts from the surface. It islikely that a burn can be performed to more rapidly return the
CEV to alow lunar orbit to support a surface abort, but there will be a price to pay in both pro-
pellant and time. The L1/LOR hybrid architecture is aso capable of defaulting to a lunar orbit
rendezvous approach for near-equatorial or near-polar landing sites to minimize the Earth return
time from the lunar surface in the event of an emergency.

If the orbital mechanics of the L1/LOR hybrid architecture prove to be viable and practical, then
it may be an interesting alternative to the basic architecture approaches assessed during the
LDRM-2 study.

7.3.2 Hybrid Mission Options

A new mission concept naturally leads to its own set of variants. The following two variants to
the reference L 1/L OR hybrid architecture appear worthy of consideration:

1) Crew transfer to the lander in LEO followed by a split mission Earth orbit departure
2) Basic LOR architecture supplemented by a backup CEV pre-deployedto L1

The reference L1I/LOR hybrid mission employs a tandem Earth orbit departure with the CEV
departing the lander for L1 as the pair approaches the Moon. In the hybrid split mission variant
the crew transfers from the CEV to the lander in LEO. Afterwards, the lander and CEV depart on
separate, optimized trajectories to the Moon and L1, respectively. The functional redundancy of
the lander and CEV during the outbound leg of the mission is traded for a simplified orbital me-
chanics approach for delivering the CEV to L1.

The reference L1/LOR hybrid concept also led to the idea of using the LOR architecture as the
primary mission approach with a CEV parked at L1 as a supplemental means of Earth return.
The backup CEV would require about 2000 m/s of AV capability to perform its mission, and
would be employed as described in the reference L1/LOR hybrid architecture.
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7.3.3 On-Orbit Fueling of Flight Elements

For a lunar mission based on chemical propulsion, roughly three-quarters of the flight element
IMLEO is propellant. On-orbit fueling can therefore be an extremely effective technique for re-
ducing the maximum required launch vehicle payload capacity for “high value” mission assets.

In the L1 TRM roughly 76% of the total launch mass is usable propellant, and that percentage
climbs to nearly 79% if you discount the CEV CM from the calculations. The cryogenic Earth
Departure Stages are the most likely candidates for on-orbit fueling because of their high mass
fractions, with approximately 84% to 87% of their masses composed of the liquid oxygen and
liquid hydrogen propellants. In addition, the cryogenic Earth Departure Stages have an oxidizer-
to-fuel ratio of 6.0, meaning that nearly 86% of the EDS propellant is liquid oxygen. It is possi-
ble, therefore, to obtain significant launch mass reductions by offloading only the liquid oxygen
from a cryogenic propulsive stage. In the case of the lander EDS the offloading of the liquid
oxygen decreases its launch mass by roughly 75%, from 94t to 24t. The same technique is appli-
cable to a propulsive stage using liquid oxygen and methane propellants, but the associated oxi-
dizer-to-fuel ratio of 3.8 renders the approach somewhat |ess effective.

The use of propellant offloading appears viable for any of the proposed lunar architectures. An
aggressive application of the on-orbit fueling approach can result in the delivery of the flight
elements to LEO in only two or three launches using a launch vehicle with roughly 25% to 40%
of the lift capacity of the Saturn V. The remaining launch mass for alunar mission, perhaps 100t
or more, is delivered to LEO in the form of bulk liquid oxygen. These additional launches could
be contracted to the private sector to maximize cost effectiveness. The use of a propellant depot
to aggregate the liquid oxygen deliveries in LEO would provide wide flexibility in the number
and spacing of launches needed to support alunar mission. The oxygen depot might also serve as
the assembly location for the lunar flight elements prior to Earth orbit departure.
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8.0 Lunar Mission Design Characteristics

8.1 Introduction

The prime focus of this study is a libration point rendezvous (LPR) mission employing the cis-
lunar Earth-Moon libration point (L1) as a stopover and staging point for round-trip missions to
the lunar surface. The study uses libration point rendezvous as a point of departure for