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ABSTRACT

The Lunar Surface Access Module (LSAM) is one of the major elements in NASA’s lunar exploration architecture as outlined in the Exploration Systems Architecture Study report from 2005. As the primary functionality of the LSAM is to capture the Crew Exploration Vehicle (CEV) into lunar orbit and deliver crew and cargo from lunar orbit to the lunar surface, the LSAM interfaces with the Ares V launch vehicle and the CEV, and has significant impact on the overall operations and performance of the lunar exploration system. This paper presents an analysis of the high-level architecture and design space for the LSAM system. The analysis involves two steps: first, a large number of LSAM concepts are generated and evaluated for different types of surface missions. Based on this architectural analysis, a subset of interesting concepts is selected. For these interesting architectures a detailed analysis is carried out assuming a fixed Ares V TLI capability for single-launch sortie and dedicated cargo delivery missions. Based on results from both steps, specific recommendations are derived. These are baselining a single launch for lunar sortie missions, including the capability for extended pre-descent loiter in lunar orbit, and utilizing two-team lunar surface shift operations for reduction of crew compartment and airlock volume requirements. Furthermore, a number of LSAM concepts beyond the two-stage lander in the ESAS report are described which may warrant further consideration; a subset of these concepts involve stages that are dropped on the lunar surface prior to landing.
1. Introduction
NASA’s Vision for Space Exploration calls for Human Lunar Exploration (HLE) as a stepping stone to the human exploration of Mars [1]. In the context of the Exploration Systems Architecture Study carried out in 2005, NASA has developed a system architecture for HLE, with an emphasis towards lunar sortie missions [2]. Within the architecture, the Crew Exploration Vehicle (CEV) and the associated Ares I Crew Launch Vehicle (CLV) are currently under development [3]. The Ares V Cargo Launch Vehicle (CaLV) design is relatively mature due to its extensive heritage from elements within the Space Shuttle system and other existing launch systems [2, 3]. The Lunar Surface Access Module (LSAM), which will provide transportation to and from the lunar surface [2], is defined on a high level, but will not be developed for several years.

LSAM design and performance have a major impact on the life-cycle cost and capabilities of a lunar exploration system because elements of the LSAM are used for both crew and cargo transportation to and from the lunar surface [2]. This provides a strong motivation for the analysis of the LSAM design space in order to ensure that interesting concepts have been considered and life-cycle properties of different designs understood before the final concept selection.
This paper explores a wide variety of LSAM concepts across a range of potential mission requirements to determine a small set of LSAM architectures warranting additional investigation. In addition, the paper highlights potential means of reducing the development and operational cost of the systems associated with the Vision for Space Exploration which emerged as part of this analysis. The capabilities of the interesting architectures are presented in light of these cost reduction options, and operational aspects of a subset of the architectures are examined.
2. Analysis Approach 
For the analysis of the LSAM design space a systematic approach with two major components was employed (see Figure 1): first, a large number of LSAM concepts were generated, and then analyzed for fixed sortie surface mission requirements (i.e. for “iso”-performance), as well as for varying sortie surface mission requirements (sensitivity analysis). This evaluation of the entire architecture space led to the selection of a subset of interesting LSAM concepts for more detailed study. For the purpose of the analysis presented here, surface missions for lunar sorties were considered to be characterized by their crewed surface mission duration and the cargo delivered along with the crew.
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Figure 1: Overview of process for LSAM architecture and design space analysis.
The interesting LSAM architectures were subsequently evaluated for constant TLI capability as provided by the Ares-V launch vehicle. As a subset of the interesting LSAM designs involved jettisoning of stages during lunar descent, an operational analysis including trajectory simulation was carried out for nominal and off-nominal mission operations.
Based on results from the above analysis, a set of recommendations was developed. The recommendations are focused on the LSAM design itself, but also concern overall lunar sortie mission operations and design implications for systems interfacing with the LSAM.

Enumeration of the LSAM Design Options
LSAM concepts were generated using a Morphological Design Matrix for constrained combinatorial enumeration [4]. Variables considered for the enumeration were:
The # of LSAM propulsion stages: configurations with 2, 3, and 4 propulsion stages were included in the analysis.  Calculations for a single stage LSAM indicated prohibitive TLI masses. Configurations with more than four stages were considered prohibitive in terms of development.
The maneuvers allocation to propulsion stages: for the LSAM system, the allocation of maneuvers to propulsion stages essentially captures the operational concept of the system architecture. For the determination of propulsion functionality, the model of propulsive maneuvers depicted in Figure 2 was utilized [5, 6]:
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Figure 2: Lunar vicinity operations and maneuvers that have to be carried out by the LSAM
The LSAM performs lunar orbit insertion (LOI) with the CEV attached. LOI is either carried out in a sequence of maneuvers or in one burn, depending on the global access strategy and the sensitivity of the design to gravity losses [2, 5, 6]. LSAM then separates from the CEV and performs DOI, which lowers the pericenter of the LSAM orbit. In the vicinity of the pericenter of the resulting orbit, the LSAM starts powered descent (i.e. the continuous burn that takes it to the surface of the Moon). Close to the lunar surface, the landing maneuver is performed which ends with the actual touchdown of the LSAM. The ascent back to orbit is broken down into two maneuvers in order to enable modeling of staging during ascent.
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Table 1: Maneuver allocations considered in analysis; each color is associated with one propulsion stage. DOI delta-v is included in descent [7].
Table 1 provides a graphical description of the stage / maneuver allocation options considered in the analysis, along with the delta-v assigned to the stage for the individual maneuvers [7]. Different colors denote different stages. While the combinations shown are naturally not all-encompassing, they cover a wide range of representative concepts including staging during descent, staging during ascent, and multi-stage vehicles, which should be sufficient to capture the prominent effects of changes in stage / maneuver allocation.
Propellant combinations: along with the maneuvers assigned to the propulsion stages, the associated propellant combinations have a major impact on system design. Three propellant combinations were considered [8, 9]:
· N2O4/MMH as a representative for the hypergolic family. The OME was used as reference for specific impulse and chamber pressure. Pressure-fed designs were used for ascent, pump-fed designs or all other use cases.
· LCH4 / LOX as a representative for the semi-storable, high specific impulse family. The hypothetical CEV engine from ESAS was used as reference in this case. Pressure-fed designs were used for ascent, pump-fed designs or all other use cases.
· LH2 / LOX: the RL-10A-4 (for stages that land or ascend) and RL-10B-2 (for all other stages) engines were used as references in this case.
Number of crew compartments: designs with one integrated crew compartment, and with two crew compartments were considered. In the case of two compartments, one of them is left on the surface with all equipment not required for ascent (such as the airlock).
Crew surface operations mode: the baseline surface operations mode is parallel operations of all four crew members, i.e. all four crew members go on EVA at the same time. We also considered nested operations which have the crew operating in two teams of two crew members. While team 1 is on EVA, team 2 sleeps and vice versa. By alternating crew operations, the airlock volume can be reduced (only two crewmembers need to suit up at any given time). Reductions in other equipment masses and pressurized volumes could be achieved as well, but these effects were not taken into consideration for our analysis.
Global access / anytime return strategy: in the ESAS report, a three-impulse LOI sequence including a plane change was baselined in order to achieve access to all top 10 science sites under consideration [2]. The plane change is required to line up the CEV ground track so that it stays close to the landing site during the surface stay [2]. In the analysis presented here, the option of loitering in lunar orbit for up to 6 days prior to descent was considered as alternate option. Loitering uses the rotation of the Moon to achieve alignment of the CEV ground-track. Analysis based on the data provided in the ESAS report suggests that 6 days of extended pre-descent loitering result in a 200 m/s reduction in LOI delta-v [2]. The consumables required for an extra 6 days in lunar orbit were accounted for in the LSAM design; they were assumed to remain in lunar orbit during descent.
Constrained combinatorial enumeration based on the above variables yields a total of 1944 distinct LSAM architectural concepts for each set of surface mission requirements. The model used for calculation of the metrics took the global access strategy and the crew surface operations mode as an input, i.e. the effects of these two variables were investigated by manual changes to the 486 remaining architectures.
Metrics

The 1944 architectures were analyzed with regard to the following metrics:
TLI mass: calculated using a crew compartment model based on subsystem engineering scaling relationships [8, 10, 11, 12] and a parametric propulsion stage model based on [2, 8, 9, 10, 13]. For drop-stages with strong resemblance to launch vehicle upper stages, an empirical model was generated and calibrated with existing Delta and Atlas upper stage data [8, 9, 13]. Boil-off of cryogenic propellants is not accounted for in this model. The propulsion stage model was benchmarked against the ESAS LSAM propulsion stages [2]. Crew mass and cargo / sample mass were accounted for separately. Both the propulsion stages and the crew compartments carry a dry mass margin of 20 %.
Development cost: sum of the development costs for all propulsion stages and crew compartments. Cost estimates are based on parametric relationships developed and used during the Draper/MIT CE&R effort [11].  This metric does not include systems engineering and integration (SE&I) and program management overheads, which are typically calculated as a constant fraction of the development cost; it is therefore suitable for relative comparison only.

Unit production cost: sum of the unit production costs for the lunar lander crew compartment(s) and propulsion stages. Unit production cost was calculated for a sortie use case and an outpost use case (with only one crew compartment independent of architecture). Cost estimates are based on parametric relationships developed and used during the Draper/MIT CE&R effort [11].  As for the development cost, overhead is not included, and the model is therefore suitable only for relative comparison and order of magnitude estimates.
Number of Mission Critical Events (MCE): mission critical events are all major separation, engine burn, orbit control, and crew transfer events that occur during a mission. For the purposes of this analysis, mission critical events are classified with a rank according to the severity of a malfunction during that event; the classification used here was:
· Rank 1: failure during event can lead to loss of mission, but not to loss of crew

· Rank 2: failure during event could lead to loss of crew, but a mitigation option is in available

· Rank 3: failure during event could lead to loss of crew, and no mitigation option is available

The total number of MCE was used in this paper as a proximate metric for loss of mission risk, and the number of rank 3 events as a proxy metric for loss of crew risk.
The above metrics were used for the analysis of the entire LSAM design / architecture space. For the Iso-TLI analysis of interesting LSAM architectures, additional metrics were introduced:
Cargo capacity on crewed missions: on crewed missions, a limited amount of surface cargo / payload can be brought along. This amount depends on the crewed surface duration, and on the landing site. This cargo capacity can also be converted into additional surface crew time.
Dedicated cargo delivery capability: this metric captures what amount of cargo can be delivered to the lunar surface using the descent elements of a specific LSAM design on one dedicated uncrewed Ares V launch.
Throughout the paper, cost and risk proximate metrics are provided in normalized form for relative comparison of concepts.

3. Architecture and Design Space Analysis
Fixed Surface Mission Requirements

The reference sortie mission included a 7-day surface stay with 4 crew members and 2200 kg of cargo brought to the lunar surface. Global access was required and achieved through a plane change. Figure 3 shows the resulting TLI mass, normalized # of mission critical events (for 1.5-launch operations), and normalized development cost for these requirements for all 486 architectures:
Development cost is normalized with that of architecture 1 (identical to the ESAS LSAM, except for N2O4 / MMH propulsion for ascent). The development cost is normalized to 20, and the number of MCEs is normalized to 40 in order to enhance readability of the graph.
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Figure 3: Overview of TLI mass, normalized development cost and number of Mission Critical Events (MCE) for a 7-day surface mission with 2200 kg of cargo, no EPDL, and 4-crew EVAs
Figure 4 shows the TLI mass changes (reductions) for the individual architectures due to the introduction of Extended Pre-Descent Loitering (EPDL) and / or modification of surface operations to 2-crew / 2-team operations (see above).
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Figure 4: Separate and combined impact of EPDL and 2-crew EVA operations on TLI mass.
A number of interesting conclusions can be drawn from Figure 3 and Figure 4 and the associated data:
· Only a fraction of the architectures are feasible from a launch perspective (i.e. below the 1.5-launch line [2])

· Only very few architectures are below the 1-launch line, and all of them utilize hydrogen for lunar ascent propulsion and are therefore challenging
· Apart from minor variations, the development costs seem to be in one of three groups, depending on the number of propulsion stages in the concept
· Unit costs were analyzed as well and exhibit a similar behavior as development costs; however, the unit cost for the reference architecture 1 was only about 2.2 % of the development cost. Given the low unit cost compared to development expenditure, and considering the multi-year interval between development and production of the LSAM with the resulting discounting of the unit cost indicates that unit cost is not a driving metric for the purposes of selecting LSAM concept on this level.
· There appear to be only small (+/- 5-10 %) differences in the number of mission critical events between the architectures (also for rank 3 events). While the number of MCE is only a proximate metric for loss of mission / loss of crew risk, it indicates that risk is also not a driving metric for the selection of interesting LSAM concepts.
It is interesting to observe that all of the four propulsion stage options have been dominated by two and three stage options. This is mainly due to the fact that the stages involved get smaller and less efficient in terms of dry mass, so that the overall mass of the system increases.
Based on the assessment of the data for the 7-day / 2200 kg cargo sortie mission, a number of interesting architectures were identified that had both low development cost and low TLI masses.
Variable Surface Mission Requirements
At this point in the analysis it was not known whether this set of interesting architectures identified was invariant to changes in the surface mission requirements. To investigate this dependency, a number of different surface mission scenarios were analyzed including missions with 5-day and 3-day surface stays and varying amounts of cargo. The scenarios considered provided global access with the associated duration and cargo values. Shown in Figure 5 are results for a 3-day surface mission with 500 kg of surface cargo. The lander concepts utilize EPDL and 2-crew EVA operations. The number of MCE is shown for both 1.5- and 1-launch operations.
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Figure 5: Overview of TLI mass, normalized development cost and number of Mission Critical Events (MCE) for a 3-day surface mission with 500 kg of cargo, EPDL, and 2-crew EVAs

Figure 6 shows results for all 1944 architectures for the reference scenario (7-day surface stay and 2200 cargo) and the 3-day / 500 kg mission. The decrease in TLI mass due to reduced mission requirements can be clearly seen.
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Figure 6: Overview of LSAM TLI mass and normalized development cost for all 1944 concepts for a 7-day / 2200 kg cargo sortie mission and a 3-day/500 kg cargo sortie mission

Major conclusions can be drawn from this sensitivity analysis:
· For a 3-day/500 kg mission with global access there are many designs that can be launched using a single Ares V, including the reference 2-stage architecture (virtually identical to the ESAS concept). This actually means that longer missions with more surface cargo can be achieved for equatorial landing sites which constitute more than half of the top 10 science sites identified in the ESAS report [2]. Utilizing a single launch solution would lead to significant cost savings and reduced mission risk.
· The development cost is not very sensitive to changing the surface mission scenario to 3-days / 500 kg.
· Choosing a single launch solution will lead to a significantly reduced number of mission critical events for all architectures. The decrease is on the same order as the variation in the number of MCE among the architectures.
· Architectures with 4 stages appear to be dominated in all cases by three- and two-stage designs.
It should be noted that a 3-day / 500 kg lunar sortie mission provides a significant exploration capability compared to the Apollo J-type missions (Apollo 15, 16, 17 [5]): twice the number of 2-crew EVAs, global access instead of the limited equatorial access (+/- 30 degrees latitude) in Apollo, and the same amount of surface cargo. Figure 8 provides an overview of surface activities that could be carried out during a 3-day lunar sortie mission with 4 crew in case a 2-crew EVA approach is employed. The significant increase in exploration range can be achieved by using two independent unpressurized rovers as opposed to the one in the Apollo J-missions.
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Figure 7: Example surface activities that could be accomplished on a 3-day lunar sortie mission at any lunar landing site. The image in the background shows a map of the Apollo 16 EVA operations.
Rationale for Single Launch Sorties
Baselining single launch human lunar mission operations, achieved through one or more of effective lunar lander system design, requirements reduction, and launch vehicle performance increases, provides significant benefits. Cost savings would be realized through decreasing the total number of launches required for human lunar exploration and thus the variable recurring cost. A smaller, although likely still significant, cost benefit would accrue due to the reduced complexity and duration associated with mission operations involving a single vehicle. 

In addition, a single launch lunar mission would reduce mission risk through both cutting the number of launches in half and eliminating the need for Earth orbit rendezvous, as well as eliminating the risk associated with delays of the second launch causing excessive on-orbit boil-off, possibly terminating the mission and abandoning a significant investment. A single-launch lunar architecture would also reduce the need for long term on-orbit cryogenic storage and life time requirements of the Earth departure system, and would obviate the need to synchronize Earth launch and trans-lunar injection windows. 

Finally, by only requiring a single launch for lunar crewed missions, increasing the rate of lunar missions or continuing lunar missions during Mars or asteroid missions would be easier, as the total ground processing burden would be reduced. 

Interesting Architectures

Based upon the preceding analysis, a small set of architectures were identified as being of interest for further investigation, which are presented in Table 2. The selection was based upon architectures which exhibited a combination of low TLI mass and development cost (for sortie and/or outpost missions) and was invariant to changes in the surface mission scenario.
All of the selected architectures utilize hydrogen/oxygen propellants for all maneuvers prior to ascent (except in the case of the lander ascender vehicle). As such, while hydrogen/oxygen propulsion is recommended for stages not performing ascent (i.e., those performing LOI, descent, and landing), more detailed analysis is necessary in order to determine the best propulsion option for the ascent stage, including assessing the programmatic aspects of potential propulsion technology development. 
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Table 2: Interesting LSAM concepts selected for detailed analysis
4. Analysis of Interesting LSAM Concepts
ISO-TLI Analysis
Analyzing LSAM design concepts for one set of surface mission requirements yields different TLI masses for each concept. In reality, the designs would be adapted to fully utilize the launch vehicle capability. This section provides an overview of metrics of the interesting designs in a global access, 3-day lunar surface mission scenario, each utilizing the full TLI capacity of a single-launch mission.

[image: image10]
Figure 8: Normalized development and unit costs for the interesting LSAM concepts. Note: the reference unit cost is less than 3 % of the reference development cost.
Figure 8 shows results for normalized development and unit costs. The three-stage LSAM concepts 55-83 exhibit increased development cost, and also a somewhat increased unit cost. In addition, the concepts with 2 crew compartments (10, 11, 82, 83) exhibit a somewhat increased development and sortie unit cost, while their unit cost for outpost crew rotation is reduced (because the second compartment does not have to be produced). Note that the reference unit cost is less than 3 % of the reference development cost that was used for normalization.
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Figure 9: Relative risk of interesting concepts as captured by the number of mission critical events.
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Figure 10: Cargo delivery capability along with crew for interesting LSAM architectures; equatorial and global access mission includes 3-day, outpost crew rotation 1-day surface stay capability
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Figure 11: Equivalent values of extra stay time (in addition to the 3 days included in the design) and surface cargo capability for a representative subset of the interesting architectures
Figure 9  provides an overview of the number of mission critical events for the 10 interesting architectures. Generally, the architectures with staging during descent and with three stages have an increased number of mission critical events; also, the concepts with staging during descent show a higher number of rank 3 events, which is due to the increased number of descent events.

Figure 10 shows the cargo delivery capabilities to the lunar surface on crewed missions. On global access missions all concepts except 10 and 11 can deliver at least 500 kg cargo to the surface. On 3-day sortie missions to the equator, every interesting LSAM design can deliver at least 1900 kg along with the crew, and on crew rotation missions to a lunar polar outpost, a minimum of 1300 kg of cargo can be delivered along with the crew. These capabilities vary across the architectures.  Figure 11 provides a means of converting all or part of the cargo capability provided on crewed missions into additional exploration days on the lunar surface. The curves shown are for concepts 1, 55, and 145 (representative for the three families of concepts involved). The conversion of cargo mass to crew days was based on a per-day mass requirement for 4 crew on the lunar surface derived from our crew compartment model. It is interesting to note that for architecture 1, which is very similar to the ESAS LSAM design [2], an additional 4 days of surface operations with 4 crew could be provided while still bringing along 1500 kg of cargo while still remaining within the capability of a single launch. This means that for the majority of the top ten ESAS science site, a capability very close to the baseline of 7 days and 2200 kg cargo (7 days and 1500 kg) can be provided with a single launch. If a different LSAM concept was chosen, this capability could be increased significantly. Given that global access sortie missions with reduced capability are only going to be carried out very few times (if at all), it seems that designing around the full duration (7 days) and surface cargo (2200 kg) capability for global access as done in ESAS [2] would lead to a significant over-design which will penalize all other operations of the lunar exploration systems for the entire lifecycle of the system.
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Figure 12: Cargo delivery capability using LSAM elements on a dedicated uncrewed Ares-V launch. LSAM sized for single launch on crewed missions
Two methods were utilized to determine the cargo delivery capability of the LSAM architectures described previously for dedicated cargo missions, such as to emplace or re-supply a lunar outpost, the results of which are presented in Figure 12.

In the first method, the Ares V EDS only performed TLI, meaning that the LSAM was required to perform all of LOI, descent, and landing. Given this delta-v requirement, the payload capability of the stages up to and including the landing stage was computed. As for the nominal mission where these stages are sized to carry the CEV through only a portion of the maneuver (LOI but not descent and landing), the LSAM stages are undersized for the complete TLI capability of the Ares V, meaning that cargo delivery missions utilizing this approach would not completely utilize the launch vehicle / EDS capacity.
In order to fully utilize the launch vehicle / EDS capacity, the second method has the EDS perform a portion of the lunar orbit insertion maneuver, thus decreasing the delta-v required of the LSAM and increasing its cargo delivery capacity. In order to model this method, an assessment was required of the payload capability of the Ares V and EDS to variable post-LEO delta-vs. The method chosen made use of the reference single launch and 1.5 launch TLI capabilities of the Ares V, namely that in single launch mode it can deliver 55 mt to TLI, and in 1.5 launch mode, it can launch 65 mt to TLI, 20 mt of which was added at LEO (having been launched by an Ares I) [2, 7]. The quantity of propellant required in the EDS vs. the LEO payload delivered for these two cases was computed, and assuming a linear relationship between them, the quantity of propellant available in LEO vs. Ares V payload was determined. This relationship was then able to provide for the payload capacity of the Ares V for launching payloads to various delta-v requirements, which for the purpose of this analysis was the fixed TLI delta-v plus a variable portion of the LOI delta-v. Based on the payload-delta-v capability relationship and the overall propulsive capacity of the LSAM designs identified earlier, the cargo delivery capacity of the integrated system was computer for each case. As can be seen in Figure 12, utilizing the EDS in this manner can result in significant cargo delivery capability increases when compared to having the EDS only perform TLI.
Operational Analysis
Several of the interesting LSAM concepts (55, 56, 82, 83, 145, 146) include stages that are jettisoned during descent, prior to landing (so-called “drop-stages”). As the drop stages are jettisoned while the vehicle is on a lunar impact trajectory, the effect of dropping the descent stage on the lunar surface in nominal and off-nominal operations has to be assessed in order to ensure feasibility.

Architecture 145 was selected as a representative for the concepts with drop-stages for the operational analysis presented here. The following operational concept was chosen for architecture 145 (see Figure 13, results from numerical simulation of descent and landing trajectories): the descent stage takes the LSAM down to a point 50 m above the surface and a velocity very close to zero. The lander stage (which also ascends in architecture 145) ignites during the last portion of the drop-stage descent to provide additional control authority. After shutdown of the drop-stage, the lander lowers the stack (with the drop-stage still connected) to a point 15 m above the surface, and then jettisons the drop-stage which impacts with a near vertical velocity of below 5 m/s. This ensures that the drop-stage impact does not pose a danger to either the lander or any pre-deployed asset that is visited by the crew and is located in the immediate vicinity of the landing site. The lander then transitions uprange away from the drop stage touchdown point and lands about 200 m away. This last portion of the landing resembles the final landing during the Apollo missions after a landing site re-designation [5, 6]. An abort is possible at any time during the descent and final landing. Burning of the lander engines while the drop-stage is still attached requires a special engine configuration on the lander; for the analysis presented here it was assumed that the lander had 3 engines arranged in a line so that the two outboard engines could be ignited while the drop stage was still attached. Initial geometrical analysis suggests that this concept is feasible if the drop stage has the same diameter as a Centaur V1 used on the Atlas V [8, 9]. 
The nominal lander touchdown point would be located at least 1 km from any other asset present on the lunar surface to reduce the impact of blast effects.
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Figure 13: Final descent and landing trajectory for architecture 145
The operational analysis presented so far has been focused on nominal operations. In an abort scenario, the ejected crater debris resulting from the downrange surface impact of the drop stage could potentially pose a hazard to any asset located close to the lander target touchdown point.  We developed a model to estimate the maximum range of crater ejecta in these cases.  The Pi-group scaling technique was used [14].  We assumed an impact surface dominated by lunar regolith, so the gravity-regime scaling functions applied.

The dimensionless combinations are:
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(1)
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(2)
where D​t is transient crater diameter, ρt is the target density, m is the impactor mass, g is the gravitational acceleration, Li is the impactor diameter, and υi is the impactor velocity. The scaling relations obtained from [14, 15] are
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(3)
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(4)
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(5)

where υe is the ejection velocity, Rt is the transient crater radius, r is the distance from the center of the crater, and V(>υe) is the volume of ejecta with velocity equal to or greater than υe.
The model enables prediction of the ballistic range of crater ejecta by assuming an ejection angle of 45° [14].  Ejecta range and relative volume estimates were obtained for drop stage separation and impact at various times after powered descent initialization by the drop stage.  For each case, the radii bounding 99% and 99.9% of the ejecta were calculated.  Figure 14 shows these boundaries for the case where an abort is initiated 295 seconds after descent initiation.

[image: image21]
Figure 14: Visualization of crater ejecta ranges from the site of descent stage surface impact for an abort 295 s after descent initialization. The green point indicates the planned bouncer landing site; any pre-deployed assets would be even further away from the impact site.

Figure 14 shows that 99.9% of the total ejected volume will travel a distance of 12.5 km, leaving a buffer of 2.5 km from the target landing site.
Table 3 gives the 99.9% ballistic ranges for various abort scenarios.  Each case represents the number of seconds after descent initiation when the descent state is jettisoned.
The data indicate that throughout the entire descent sequence, jettisoning the descent stage in an abort scenario ensures that the crater ejecta will not pose a significant hazard to the target landing site.
	Time [s] after PDI 
	99.9% Ejecta Range [km]
	Buffer from Target Landing Site [km]

	50
	35.4
	876.7

	100
	31.9
	239.3

	150
	28.0
	89.4

	200
	23.5
	30.1

	250
	18.3
	5.2

	275
	15.2
	1.0

	280
	14.5
	0.9

	285
	13.8
	1.2

	290
	13.1
	1.7

	295
	12.5
	2.5

	300
	11.9
	3.4

	325
	11.1
	6.6


Table 3: Ejecta range estimates for descent stage surface impact as a function of the time of abort initiation.
5. Recommendations

The following recommendations provide a concise summary of the major results from the analyses described above:
Recommendation 1: crewed lunar missions should be based on a single Ares V launch mode. This will result in a significant simplification of launch vehicle processing and flight operations and therefore in a reduction of associated costs. A single-launch lunar mission will also greatly reduce loss of mission risk. Single-launch missions enable sortie missions with 4 crewmembers and the same surface stay time and surface cargo as the Apollo J-type missions to any site on the lunar surface; for equatorial sortie missions, 7-day surface durations can be accomplished with at least 1.5 mt of surface cargo (in the ESAS report equatorial sites make up the majority of the top science sites). These are significant capabilities for the limited number of sortie missions anticipated for a sustainable lunar exploration program.
Recommendation 2: the capability for extended pre-descent loiter (EPDL) should be included in the CEV / LSAM design. Analysis indicates that EPDL enables significant savings in TLI mass when targeting more challenging landing sites, which can be converted into additional cargo capability on the lunar surface. The additional mission risk introduced by 6 days of loitering in lunar orbit prior to descent will be small compared to the overall sortie mission risk, and minuscule compared to the operational risk of a campaign which features only a few of these EPDL sortie missions, but regular multi-month missions to an outpost.
Recommendation 3: lunar surface operations in a 2-shift mode with 2 teams of 2 astronauts should be considered. This “nested” operational mode may allow significant reductions in crew compartment and airlock volume and associated structural mass. There may also be secondary benefits due to reduction of equipment for surface operations such as rovers as only two crew members would need to be mobile at any given time. 2-crew EVA operations should at least provide as much exploration value as half the number of 4-crew Eva operations. It can also be argued that 2-crew EVA operations are actually more effective, as they allow for slack from previous operations to be picked up and generally more effective operations because experience / information from the previous 2-crew EVA is available beforehand (EVA time can be thus used in a more flexible way).
Recommendation 4: In addition to the traditional 2-stage LSAM design baselined in ESAS, a number of other concepts should be considered. The analysis described in this paper has led to the selection of 10 concepts (including the ESAS concept) that all have specific advantages and disadvantages in certain metrics. In particular, certain concepts which drop a stage just prior to landing show benefits in cargo delivery capabilities along with crew and on dedicated cargo missions.
Recommendation 5: Given single launch sortie missions are baselined (per Recommendation 1) the Earth Departure Stage (EDS) should be designed for use during lunar orbit insertion for cargo delivery missions, as opposed to only for Earth-vicinity operations. Analysis shows that using the EDS for a portion of lunar orbit insertion leads to significantly increased cargo delivery capability for single-launch uncrewed cargo missions.
6. Conclusion
This paper describes an analysis of over 1900 individual LSAM design options for a number of possible sortie mission scenarios. Based on this analysis, a number of LSAM concepts have been identified that are attractive in terms of development cost and TLI mass independent of the specific sortie mission scenario. A preliminary design and operational analysis of these interesting concepts has been carried out, leading to recommendations of major requirements changes for the lunar exploration system, especially with regard to single launch. In the opinion of the authors, the suggested requirements changes have the potential to significantly reduce lunar exploration cost and increase the overall probability of mission and program success.

Future work in this area will focus on the detailed design of these interesting LSAM design options and derivatives with engine and / or tank staging, as well as alternate options for cost reduction of the lunar exploration program associated with the LSAM.
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